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Abstract	
The principal aim of this project was to generate an automated mapping programme 
that will identify and quantify deviations from design, due to either manufacturing 
processes or in-service defects. Focusing on woven carbon fibre composites, using data 
acquired from ultrasonic non-destructive testing, individual weave identities have been 
developed. Knowledge of the individual weave identity will enable two key pieces of 
information when analysing components; lay-up and the presence of defects in terms 
of shear and rotation. Knowledge of the lay-up and presence of defects results in better 
informed decisions regarding the manufacture and the longevity of components. In 
many cases the requirement for a twin component to be manufactured will be negated; 
subsequently saving both time and money.  
 
The development of individual weave identities, alongside automation of the 
classification procedure is the key contribution of this thesis. The literature review 
shows that this capability does not currently exist. The weave identity work began with 
the adaption of Miller Indices from crystallography. In order to automate the weave 
identification, a spatial frequency vs. angle plot was established using image 
transformation. It was the realisation that the weave characteristic lines (and their 
subsequent spots on the spatial frequency vs. angle plots) are different from the lines 
corresponding to the fibre’s warp and weft tows which allowed for the discrimination of 
weave type. The process of weave identification was automated and both the accuracy 
and precision of the measurement of in-plane were established. Consequently, the 
developed technique enables the identification of angular distortions in woven carbon 
fibre composites. Finally, the testing of real samples showed that the presented method 
of weave classification works well, providing the images of the weaves are good, and 
that the imaging of the weave gets worse with depth, surface roughness and when the 
probe frequency does not match the ply resonance. 
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This one is for you Grandma. I know all you ever wanted was ‘something useful’…like a 
plumber. I hope this is okay! 
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FIGURE 31: IMAGE OF THE ULTRASONIC SCIENCE LTD. (USL) ULTRASONIC IMMERSION SCANNING TANK, MODEL SCM12XI, 
USED TO GATHER DATA FOR THIS THESIS.  KEY ELEMENTS OF THE SET UP ARE IDENTIFIED. FIRSTLY, THE ROBOTIC ARM IS 
HIGHLIGHTED, THERE IS A LOCATOR AT THE BOTTOM OF THE ARM WHERE THE ULTRASONIC TRANSDUCER IS ATTACHED. 
THE SAMPLE IS LOCATED BELOW THE WATER LINE (WHICH IS ALSO HIGHLIGHTED). FINALLY, THE X-, Y- AND Z- 
DIRECTIONS OF THE ROBOTIC ARM MOVEMENT ARE HIGHLIGHTED. ............................................................ - 106 - 
FIGURE 32: AN IMAGE OF A CARBON FIBRE COMPOSITE UNDER TEST IN THE ULTRASONIC SCIENCE LTD. (USL) ULTRASONIC 
IMMERSION SCANNING TANK, MODEL SCM12XI, USED TO GATHER DATA FOR THIS THESIS. THE COMPOSITE SAMPLE IS 
SUPPORTED ON METAL CUBOIDS (ALSO HIGHLIGHTED IN THE IMAGE) WHICH ARE APPROXIMATELY 10MM THICK; THE 
CUBOIDS RAISE THE SAMPLE OFF OF THE TANK FLOOR AND ENSURE THAT THE BACK WALL ECHO OF THE SAMPLE IS 
CLEARLY DISTINGUISHABLE FROM THE ECHO OF THE TANK FLOOR. (FOR CLARITY – THE ROBOTIC ARM AND ULTRASONIC 
TRANSDUCER HAVE BEEN MOVED OUT OF THE WATER FOR THIS IMAGE). ..................................................... - 107 - 
FIGURE 33: A SIMPLE SKETCH OF THE STEPPED SAMPLE USUALLY USED FOR TRANSDUCER CALIBRATION. THE SAMPLE WAS USED 
HERE FOR INITIAL TESTING AND HAS TEN PLIES OF APPROXIMATELY 0.3MM THICKNESS. THE PLIES ARE OF DIFFERENT 
LENGTHS, CREATING THE STEPPED APPEARANCE OF THE SAMPLE. BETWEEN THE NINTH AND TENTH PLY IS A SMALL 
WIDTH OF PTFE (POLYTETRAFLUOROETHYLENE) TAPE; HIGHLIGHTED IN THIS SKETCH AS THE DOTTED LINE. ........ - 109 - 
FIGURE 34: THE STEPPED SAMPLE WAS SCANNED USING ULTRASOUND, WITH A 5MHZ TRANSDUCER, IN AN IMMERSION TANK. 
FOLLOWING THE ANALYSIS OF THE CAPTURED DATA IN LAUNCHNDT, THE B-SCAN SHOWN HERE WAS PRODUCED 
(NOTE: THE B-SCAN IS PRESENTED HERE AS INSTANTANEOUS AMPLITUDE). STRONG UNDULATIONS CAN BE SEEN NEAR 
THE FRONT WALL ECHO BUT THESE ARE LOST DEEPER INTO THE THICKNESS OF THE SAMPLE. TWO RECTANGLES ARE 
HIGHLIGHTED IN THE IMAGE TO SHOW THE DIFFERENCE UNDULATIONS THROUGH SAMPLE DEPTH. THE RECTANGLE WITH 
DOTTED LINE HIGHLIGHTS THE PTFE TAPE DEFECT. ................................................................................. - 110 - 
FIGURE 35: THIS IS THE INSTANTANEOUS AMPLITUDE B-SCAN OF SAMPLE 5. WHERE SAMPLE 5 HAS THE FOLLOWING LAY-UP: 
SEVEN PLIES OF WOVEN CARBON FIBRE WERE FOLLOWED BY A SINGLE PLY OF WOVEN GLASS FIBRE (GF) AND THREE OF 
UNI-DIRECTIONAL CARBON FIBRE [CFW(7)/GFW/CFUD(3)]. WHILST THIS IS NOT A REALISTIC LAY-UP FOR A COMPOSITE, 
THE DESIGN WAS SPECIFICALLY MANUFACTURED TO TEST THE THEORY BEHIND WHETHER OR NOT THE SUPER-IMPOSING  
IS A MANUFACTURING PHENOMENON. IT WAS SEEN THAT WHEN A WOVEN PLY IS FOLLOWED BY A UNI-DIRECTIONAL PLY 
IN THE STACKING SEQUENCE, THE WEAVE PATTERN OF THE ORIGINAL WOVEN PLY IS SEEN IN RESULTANT PLIES OF THE 
COMPOSITE WHEN EXPLORING THE DEPTH OF THE SAMPLE THROUGH C-SCANS. THEREFORE, DESPITE KNOWING THAT 
THREE UNI-DIRECTIONAL PLIES EXISTED, THE POST-PROCESSING OF THE DATA WAS SHOWN TO BE ‘SUPER-IMPOSING’ THE 
WEAVE ONTO THE UNI-DIRECTIONAL PLIES IN THE C-SCAN. GLASS FIBRE IS MORE ‘REFLECTIVE’ TO ULTRASOUND THAN 
CARBON FIBRE. BY HAVING THIS BARRIER BETWEEN THE WOVEN AND UNI-DIRECTIONAL CARBON FIBRE, THIS WOULD 
PROVIDE A CLEAR REFLECTION ON THE ULTRASONIC IMAGES; SPECIFICALLY HIGHLIGHTING WHERE THE WOVEN PLIES 
ENDED AND THE UNI-DIRECTIONAL PLIES BEGAN ..................................................................................... - 112 - 
FIGURE 36: SAMPLE 5 WAS SCANNED USING A 5MHZ TRANSDUCER, IN AN IMMERSION ULTRASOUND SYSTEM, WITH THE 
WOVEN SURFACE ON TOP. THE LAY-UP OF SAMPLE 5 IS AS FOLLOWS: SEVEN PLIES OF WOVEN CARBON FIBRE WERE 
FOLLOWED BY A SINGLE PLY OF WOVEN GLASS FIBRE (GF) AND THREE OF UNI-DIRECTIONAL CARBON FIBRE 
[CFW(7)/GFW/CFUD(3)]. USING LAUNCHNDT TO ANALYSE THE DATA, THE INSTANTANEOUS AMPLITUDE WAS 
CALCULATED AND THE RESULTANT INSTANTANEOUS AMPLITUDE C-SCAN IMAGES ARE SHOWN HERE. THE C-SCAN FROM 
THE CENTRE (IN TERMS OF DEPTH) OF THE WOVEN CARBON FIBRE PLIES IS SHOWN ON THE LEFT HAND SIDE. THE CENTRE 
IMAGE IS THE C-SCAN OF THE WOVEN GLASS FIBRE PLY AND FINALLY, THE RIGHT HAND SIDE SHOWS THE C-SCAN FROM 
THE CENTRE (IN TERMS OF DEPTH) OF THE UNI-DIRECTIONAL CARBON FIBRE PLIES. ........................................ - 113 - 
FIGURE 37: AN EXAMPLE OF A GOOD C-SCAN FOR A UNI-DIRECTIONAL PLY IS SHOWN HERE. AS WITH SAMPLE 5, THE RESULTS 
ARE FROM AN ULTRASONIC IMMERSION SYSTEM AND THE INSTANTANEOUS AMPLITUDE IS CALCULATED IN LAUNCHNDT. 
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IN THIS INSTANCE THE SAMPLE HAD A LAY-UP AS FOLLOWS: TWO UNI-DIRECTIONAL CARBON FIBRE PLIES, A SINGLE 
WOVEN CARBON FIBRE PLY AND THREE UNI-DIRECTIONAL CARBON FIBRE PLIES,  [CFUD(2)/CFW/CFUD(3)]. ........ - 113 - 
FIGURE 38: SAMPLE 5 WAS SCANNED USING A 5MHZ TRANSDUCER, IN AN IMMERSION ULTRASOUND SYSTEM, WITH THE UNI-
DIRECTIONAL SURFACE ON TOP. THE LAY-UP OF SAMPLE 5 IS AS FOLLOWS: SEVEN PLIES OF WOVEN CARBON FIBRE WERE 
FOLLOWED BY A SINGLE PLY OF WOVEN GLASS FIBRE (GF) AND THREE OF UNI-DIRECTIONAL CARBON FIBRE 
[CFW(7)/GFW/CFUD(3)]. USING LAUNCHNDT TO ANALYSE THE DATA, THE INSTANTANEOUS AMPLITUDE WAS 
CALCULATED AND THE RESULTANT INSTANTANEOUS AMPLITUDE C-SCAN IMAGES ARE SHOWN HERE. THE C-SCAN FROM 
THE CENTRE (IN TERMS OF DEPTH) OF THE UNI-DIRECTIONAL CARBON FIBRE PLIES IS SHOWN ON THE LEFT HAND SIDE. 
THE CENTRE IMAGE IS THE C-SCAN OF THE WOVEN GLASS FIBRE PLY AND FINALLY, THE RIGHT HAND SIDE SHOWS THE C-
SCAN FROM THE CENTRE (IN TERMS OF DEPTH) OF THE WOVEN CARBON FIBRE PLIES. ..................................... - 114 - 
FIGURE 39: A MICROGRAPH OF SAMPLE 5 IS SHOWN HERE. A MICROSCOPE AT RENAULT SPORT RACING WAS USED AND THE 
SCALE OF 2MM CAN BE SEEN IN THE BOTTOM RIGHT HAND SIDE OF THE IMAGE. TWO DOTTED LINES HAVE BEEN ADDED 
TO THE IMAGE WHICH HIGHLIGHT THE THICKNESS OF THE WOVEN GLASS PLY. (SAMPLE 5 HAS THE FOLLOWING LAY-UP: 
SEVEN PLIES OF WOVEN CARBON FIBRE WERE FOLLOWED BY A SINGLE PLY OF WOVEN GLASS FIBRE (GF) AND THREE OF 
UNI-DIRECTIONAL CARBON FIBRE [CFW(7)/GFW/CFUD(3)]). THE MICROGRAPH WAS CAPTURED IN ORDER TO TRY AND 
SEE THE INDIVIDUAL PLIES AND WHETHER OR NOT THERE WAS COMPRESSION BETWEEN THE UNI-DIRECTIONAL PLIES AND 
THE WOVEN PLIES ABOVE (I.E. WAS THE WEAVE OF THE WOVEN PLIES BEING COMPRESSED INTO THE UNI-DIRECTIONAL 
PLIES AND CAUSING THE SUPER IMPOSING, DISCUSSED IN ‘3.4.2 EXAMPLE WOVEN COMPOSITE INVESTIGATION’). IT IS 
SHOWN THAT THERE IS A CLEAR, AND MORE IMPORTANTLY STRAIGHT DISTINGUISHABLE LINE BETWEEN THE PLY OF 
WOVEN GLASS FIBRE AND THE UNI-DIRECTIONAL CARBON FIBRE (REPRESENTED BY DASHED LINES). THE PRESENCE OF 
THE STRAIGHT DIVIDE INDICATES THAT THERE HAS BEEN NO PHYSICAL COMPRESSION OF THE UNI-DIRECTIONAL PLIES 
INTO THE UNDULATIONS OF THE WOVEN PLIES AND THEREFORE IS NOT THE CAUSE OF THE SUPER-IMPOSING. ...... - 115 - 
FIGURE 40: A MICROGRAPH OF SAMPLE 4 IS SHOWN HERE. A MICROSCOPE AT RENAULT SPORT RACING WAS USED AND THE 
SCALE OF 2MM CAN BE SEEN IN THE BOTTOM RIGHT HAND SIDE OF THE IMAGE. (SAMPLE 4 HAS THE FOLLOWING LAY-
UP: FIVE PLIES OF WOVEN CARBON FIBRE WERE FOLLOWED BY A SINGLE PLY OF WOVEN GLASS FIBRE (GF) AND THREE OF 
UNI-DIRECTIONAL CARBON FIBRE [CFW(5)/GFW/CFUD(3)]). THE MICROGRAPH WAS CAPTURED IN ORDER TO TRY AND 
SEE THE INDIVIDUAL PLIES AND WHETHER OR NOT THERE WAS COMPRESSION BETWEEN THE UNI-DIRECTIONAL PLIES AND 
THE WOVEN PLIES ABOVE. IT IS SHOWN THAT THERE IS A CLEAR, AND MORE IMPORTANTLY STRAIGHT DISTINGUISHABLE 
LINE BETWEEN THE PLY OF WOVEN GLASS FIBRE AND THE UNI-DIRECTIONAL CARBON FIBRE (REPRESENTED BY DASHED 
LINES). THE PRESENCE OF THE STRAIGHT DIVIDE INDICATES THAT THERE HAS BEEN NO PHYSICAL COMPRESSION OF THE 
UNI-DIRECTIONAL PLIES INTO THE UNDULATIONS OF THE WOVEN PLIES. A FURTHER SET OF DOTTED LINES (NEAR THE TOP 
OF THE IMAGE) HIGHLIGHT A FIBRE IN THE LENGTH DIRECTION, WHILST THE SOLID OVALS HIGHLIGHT THE FIBRES ‘END 
ON’. THERE ARE TWO DIFFERENT SIZES OF OVALS, INDICATING THAT THE FIBRES IN THE CARBON FIBRE ARE LARGER THAN 
THOSE WITHIN THE GLASS FIBRE. ......................................................................................................... - 116 - 
FIGURE 41: A SIMULATED REPRESENTATION OF A WOVEN FABRIC STRUCTURE. THE LEFT HAND SIDE SHOWS A PLAN VIEW OF A 
WOVEN COMPOSITE, WITH AREAS OF POTENTIAL RESIN POCKETS HIGHLIGHTED. THE RIGHT HAND SIDE SHOWS A CUT 
THROUGH OF A WOVEN COMPOSITE. THERE ARE FIVE ‘END ON’ FIBRES WITH AN INTERWEAVING FIBRE RUNNING FROM 
LEFT TO RIGHT. IN TERMS OF AN ULTRASONIC SCAN, THIS MEANS THAT AT ANY ONE POINT OF THE SCAN, THE 
ULTRASONIC WAVE COULD PENETRATE THROUGH AN AREA OF ONE TOW, TWO TOWS OR A RESIN POCKET. ......... - 118 - 
FIGURE 42: A SKETCH OF A CUT THROUGH OF A NOMINAL WOVEN COMPOSITE HIGHLIGHTING THE LIMITING CASE WHERE IT IS 
ONLY JUST POSSIBLE FOR AN IN-PLANE SLICE (DOTTED LINE) TO EXIST IN JUST ONE PLY (REGIONS BETWEEN SOLID LINES). 
THE VELOCITY-PROBABILITY MODEL HAS BEEN CREATED IN ORDER TO ESTABLISH WHETHER OR NOT A COMPLEX VELOCITY 
CORRECTION NEEDS TO BE UNDERTAKEN DURING POST-PROCESSING OF DATA. THE ANALYSIS REQUIREMENT IS FOR AN 
IN-PLANE SLICE TO EXIST THAT IS TOTALLY CONTAINED WITHIN ONE PLY OF THE PULSE-ECHO ULTRASONIC DATA. FOR 
SUCH A PLANE TO EXIST THE VARIATION IN TIME OF FLIGHT MUST BE LESS THAN ± HALF A PLY. .......................... - 120 - 
FIGURE 43: A SIMULATED REPRESENTATION OF THE BASIC ASSUMPTION THAT THERE WILL BE REGIONS WITH TWO TOWS 
(THROUGH DEPTH) AND REGIONS WITH JUST ONE TOW WITH A VERTICAL COMPONENT TO ITS ORIENTATION (RED FIBRE). 
THE AREA WITH TWO TOWS CAN BE SEEN TO HAVE AN ‘END ON’ FIBRE AND A SECTION OF THE INTERWEAVING FIBRE. 
THE AREA OF ONE TOW WILL JUST BE A SECTION OF THE INTERWEAVING FIBRE. ............................................. - 120 - 
FIGURE 44: A SKETCHED REPRESENTATION OF COVER FACTOR, ‘A’ (USED TO CALCULATE THE PROPORTION OF A PLY IN ANY OF 
THE THREE GIVEN STATES; RESIN, ONE TOW AND TWO TOWS) AND AREA PROPORTION IN EACH STATE FOR A CELL OF 
UNIT DIMENSIONS. THE LEFT HAND SIDE SHOWS A PLAN VIEW OF A WOVEN COMPOSITE WITH RESIN POCKETS, ONE TOW 
AND TWO TOW AREAS. THE DOTTED LINES INDICATE THE SECTION OF THE PLAN VIEW WHICH IS SUBSEQUENTLY SHOWN 
ON THE RIGHT HAND SIDE. THIS SECTION IS NORMALISED TO A CELL LENGTH AND WIDTH EQUAL TO ONE; ALLOWING FOR 
THE AREA PROPORTIONS TO BE DESCRIBED INDIVIDUALLY AS SEEN IN TABLE 5. .............................................. - 122 - 
FIGURE 45: A SIMPLE SKETCH REPRESENTING THE GREY ZONE THEORY. THE PRINCIPLE IS THAT BECAUSE THE WEAVE IS NOT 
ALIGNED IN THE Z-DIRECTION, WITH THE ADDITION OF ENOUGH PLIES, AN AVERAGE VELOCITY WOULD BE REACHED; THE 
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EFFECTIVE VELOCITY THROUGH THE THICKNESS. THE LEFT HAND SIDE OF THE IMAGE SHOWS ONE PLY, INCREASING TO 
FOUR (MIDDLE IMAGE) AND EIGHT PLIES (RIGHT HAND IMAGE). THE LEVEL OF GREY CAN BE SEEN TO BE GRADUALLY 
CONVERGING TO A SINGLE GREY COLOUR. THIS SINGLE GREY COLOUR IS REPRESENTATIONAL OF THE EFFECTIVE VELOCITY 
THROUGH THICKNESS OF A SAMPLE. .................................................................................................... - 124 - 
FIGURE 46: WHEN VIEWED TOGETHER THESE SIX HISTOGRAMS SHOW THE WAY IN WHICH THE EFFECTIVE VELOCITIES DEVELOP 
AS THE NUMBER OF PLIES INCREASE. IT CAN BE SEEN FROM THE HISTOGRAMS THAT THE EFFECTIVE VELOCITIES (WHERE 
THE EFFECTIVE VELOCITY IS THE VELOCITY AT THE BACK WALL HAVING TRAVELLED THROUGH A COMBINATION OF PLY 
STATES FOR A NUMBER OF PLIES) TEND TOWARDS THE VALUE OF THE BULK-AVERAGE VELOCITY FOR AN INFINITE 
NUMBER OF PLIES, RESULTING IN 2961.25 M/S FOR A COVER FACTOR OF 0.8. THE MORE PLIES WHICH ARE ADDED, THE 
GREATER THE EFFECT OF THE ‘GREY ZONE THEORY’ (SECTION ‘3.5.2.2 ‘GREY ZONE’ THEORY’) UNTIL ONE SINGLE 
VELOCITY DOMINATES AT THE BACK WALL. THE RANGE OF VELOCITIES SHOWN ON THE X-AXIS WILL ALWAYS REMAIN THE 
SAME REGARDLESS OF THE NUMBER OF LAYERS. THIS IS BECAUSE THE MINIMUM AND MAXIMUM IS DICTATED BY THE 
FIBRE VOLUME FRACTIONS OF THE R AND 2T STATES (2903M/S AND 2976M/S RESPECTIVELY). HOWEVER, THE 
NUMBER OF POTENTIAL EFFECTIVE VELOCITY VALUES WITHIN THIS RANGE INCREASES WITH THE NUMBER OF PLIES. IT 
SHOULD BE NOTED HERE THAT DUE TO THE BIN WIDTH OF THE HISTOGRAM THE RANGE IS LABELLED AS 2908M/S TO 
9978M/S. ..................................................................................................................................... - 127 - 
FIGURE 47: FOLLOWING THE INITIAL GREY ZONE THEORY (SHOWN IN FIGURE 45), THE STATISTICAL VELOCITY-PROBABILITY 
MODEL WAS PRODUCED MEANING THAT THIS THEORY COULD BE INVESTIGATED FURTHER. THE VELOCITY-PROBABILITY 
MODEL INCORPORATED A NUMBER OF PLIES FROM ONE TO 170, WHICH PROVIDED AN EXCELLENT PLATFORM TO 
UNDERSTAND THE DOMINANT VELOCITY. THIS GRAPH SHOWS THE MEAN ULTRASONIC VELOCITY, MODELLED IN THE 
VELOCITY-PROBABILITY MODEL, WITH INCREASING NUMBER OF PLIES. A DOMINANT (OR MEAN) VELOCITY OF 
2968.62M/S CAN BE SEEN HERE WITH AN INCREASING NUMBER OF PLIES OF WOVEN CARBON FIBRE (NOTE: THIS IS 
REPRESENTATIVE OF A COVER FACTOR A = 0.9). .................................................................................... - 131 - 
FIGURE 48: THE STANDARD DEVIATION IN TERMS OF VELOCITY (TRIANGLES) AND TIME OF FLIGHT (CROSSES), WITH RESPECT TO 
NUMBER OF PLIES FOR A COVER FACTOR OF 0.9 IS DISPLAYED HERE. THIS FIGURE SHOWS THAT THE STANDARD 
DEVIATION IN TOF GETS WORSE AS THE NUMBER OF PLIES (AND SUBSEQUENT THICKNESS) INCREASES. THE TREND IN 
STANDARD DEVIATION OF TIME OF FLIGHT IS ACCORDING TO √N. THE THRESHOLD HIGHLIGHTED BY THE DASHED LINE, IS 
CALCULATED AS A QUARTER OF THE TIME TAKEN FOR THE ULTRASONIC WAVE TO TRAVEL THROUGH A PLY AND RETURN. 
AT A SPEED OF 2976M/S (2.976MM/µS) AND A TOTAL DISTANCE OF 0.5MM (2 X NOMINAL THICKNESS OF 0.25MM); 
THE RESULTANT TIME IS 0.168µS. A QUARTER OF THIS IS THE THRESHOLD VALUE OF 0.042µS. NEITHER STANDARD 
DEVIATIONS BREACH THE THRESHOLD FOR THE CARBON FIBRE COMPOSITE MODELLED HERE. ........................... - 132 - 
FIGURE 49: A NORMALISED STANDARD DEVIATION (FOR NUMBER OF PLIES) IN TIME-OF-FLIGHT WITH VARYING COVER FACTOR 
(A) (0.71, 0.77, 0.84, 0.89, 0.95 AND 0.97) IS DISPLAYED. THIS SHOWS HOW THE COVER FACTOR AFFECTS THE 
NORMALISED STANDARD DEVIATION IN TIME OF FLIGHT (IN TERMS OF NUMBERS OF PLIES), FOR REALISTIC COVER 
FACTORS AND NUMBERS OF PLIES. THE NORMALISED STANDARD DEVIATION DOES NOT COME CLOSE TO THE THRESHOLD 
OF 0.25 (DASHED LINE). ................................................................................................................... - 133 - 
FIGURE 50: A GRAPH  IS SHOWN HERE WHICH SHOWS HOW CA (COEFFICIENT OF COVER FACTOR) VARIES WITH √ (1-A) FOR 
CARBON FIBRE. WHERE ‘A’ IS COVER FACTOR, DEFINED AS THE PROPORTION OF A PLY IN ANY OF THE GIVEN STATES 
(RESIN, ONE TOW OR TWO TOWS). EACH CURVE FOR A DIFFERENT COVER FACTOR (A), IN FIGURE 46 FOLLOWS A TREND 
WHERE NORMALISED TOF STANDARD DEVIATION IS PROPORTIONAL TO √N BUT WITH A DIFFERENT COEFFICIENT (CA), 
AS SHOWN IN EQUATION 24. IF THIS COEFFICIENT (CA) IS PLOTTED AS A FUNCTION OF COVER FACTOR (A), IT IS CLEAR 
THAT THE RELATIONSHIP IS PROPORTIONAL TO √(1 – A) – THIS IS WHAT IS DISPLAYED IN THIS IMAGE. THIS SUGGESTS A 
VALUE OF K=0.0156 FOR WOVEN CARBON FIBRE. .................................................................................. - 134 - 
FIGURE 51: FOLLOWING THE INITIAL GREY ZONE THEORY (SHOWN IN FIGURE 45), THE STATISTICAL VELOCITY-PROBABILITY 
MODEL WAS PRODUCED MEANING THAT THIS THEORY COULD BE INVESTIGATED FURTHER. THE VELOCITY-PROBABILITY 
MODEL INCORPORATED A NUMBER OF PLIES FROM ONE TO 170, WHICH PROVIDED AN EXCELLENT PLATFORM TO 
UNDERSTAND THE DOMINANT VELOCITY. A DOMINANT (OR MEAN) VELOCITY OF 3523.56M/S CAN BE SEEN HERE WITH 
AN INCREASING NUMBER OF PLIES OF WOVEN GLASS FIBRE (NOTE: THIS IS REPRESENTATIVE OF A COVER FACTOR A = 
0.9). ............................................................................................................................................ - 136 - 
FIGURE 52: THE STANDARD DEVIATION IN TERMS OF VELOCITY (TRIANGLES) AND TOF (CROSSES) ARE DISPLAYED IN TERMS OF 
NUMBER OF PLIES OF WOVEN GLASS FIBRE, FOR A COVER FACTOR OF 0.9. THE THRESHOLD FOR THE STANDARD 
DEVIATION (VELOCITY AND TIME OF FLIGHT) WAS RECALCULATED FOR GLASS. THE VELOCITY IN A 0.6 FIBRE VOLUME 
FRACTION IS KNOWN TO BE 3600 M/S, WHICH EQUATES TO 3.6 MM/ΜS. A ROUND TRIP OF A 0.25 MM PLY IS 0.5 MM 
IN TOTAL, WHICH WILL TAKE 0.139 ΜS. IT IS ¼ OF THIS VALUE THAT IS THE THRESHOLD FOR THE STANDARD DEVIATION 
IN TIME OF FLIGHT, WHICH IS SHOWN WITH THE DOTTED LINE. BOTH STANDARD DEVIATION FOR VELOCITY AND TIME OF 
FLIGHT BREACH THIS THRESHOLD AT AROUND 30 PLIES. ........................................................................... - 137 - 
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FIGURE 53: THE DOTTED LINE REPRESENTS 1/4 PLY THRESHOLD FOR GLASS FIBRE AND IS SHOWN HERE ON THE GRAPH OF 
NORMALISED STANDARD DEVIATION AGAINST NUMBER OF PLIES FOR DIFFERENT COVER FACTORS OF WOVEN GLASS 
FIBRE. THE COVER FACTORS ARE 0.71, 0.77, 0.84, 0.89, 0.95 AND 0.97. THIS GRAPH SHOWS THAT THE VELOCITY 
VARIATION COULD BE A PROBLEM FOR GLASS-FIBRE COMPOSITES AT DEPTHS OF 25 PLIES OR LESS, DEPENDING ON THE 
COVER FACTOR. IN THE GLASS-FIBRE CASE IT MAY BE NECESSARY TO APPLY A VELOCITY CORRECTION IN ORDER TO 
FLATTEN THE PLIES. ........................................................................................................................... - 138 - 
FIGURE 54: A GRAPH IS SHOWN HERE WHICH SHOWS HOW CA (COEFFICIENT OF COVER FACTOR) VARIES WITH √ (1-A) FOR 
GLASS FIBRE. WHERE ‘A’ IS COVER FACTOR, DEFINED AS THE PROPORTION OF A PLY IN ANY OF THE GIVEN STATES (RESIN, 
ONE TOW OR TWO TOWS). EACH CURVE FOR A DIFFERENT COVER FACTOR (A), IN FIGURE 46 FOLLOWS A TREND WHERE 
NORMALISED TOF STANDARD DEVIATION IS PROPORTIONAL TO √N BUT WITH A DIFFERENT COEFFICIENT (CA), AS 
SHOWN IN EQUATION 24. IF THIS COEFFICIENT (CA) IS PLOTTED AS A FUNCTION OF COVER FACTOR (A), IT IS CLEAR THAT 
THE RELATIONSHIP IS PROPORTIONAL TO √ (1 – A) – THIS IS WHAT IS DISPLAYED IN THIS IMAGE. THIS SUGGESTS A VALUE 
OF K=0.1345 FOR WOVEN GLASS FIBRE. ............................................................................................... - 139 - 
FIGURE 55: A CARBON-FIBRE 200 PLY SAMPLE, WAS SCANNED USING A 7.5MHZ ULTRASONIC PROBE IN AN IMMERSION 
SCANNING TANK. THE SAMPLE WAS MADE FROM THE CONSOLIDATION OF SMALLER SAMPLES OF 20 PLIES. THESE 
INDIVIDUAL SMALLER SAMPLES CAN BE SEEN ON THE B-SCANS AT THE TOP OF THIS IMAGE. THE BOLD HORIZONTAL LINES 
INDICATE THE JOIN BETWEEN TWO SMALLER SAMPLES. THESE SMALLER SAMPLES ARE 5MM IN THICKNESS. THE 
HISTOGRAMS ON THE BOTTOM OF THE IMAGE SHOW THE PEAK TIME OF FLIGHT AT THE INTERSECTION OF THE SMALLER 
SAMPLES. THE ILLUSTRATED DEPTHS ARE AT 5MM SEPARATIONS AND ARE (LEFT TO RIGHT): 6MM (20 PLIES), 11MM 
(40 PLIES), 16MM (60 PLIES), AND 21MM (80 PLIES). NOTE THAT THE DEEPEST DEPTH (RIGHT) HAD AN ISSUE WITH 
GATING IN THE SOFTWARE DUE TO THE LOW AMPLITUDES SO ONLY THE RIGHT-HAND SIDE OF THE DISTRIBUTION IS 
SHOWN. ......................................................................................................................................... - 143 - 
FIGURE 56: GLASS-FIBRE 160 PLY SAMPLE, AT 7.5MHZ. THE ILLUSTRATED DEPTHS ARE AT 3MM SEPARATIONS AND ARE (LEFT 
TO RIGHT): A GLASS-FIBRE 160 PLY SAMPLE, WAS SCANNED USING A 7.5MHZ ULTRASONIC PROBE IN AN IMMERSION 
SCANNING TANK. THE SAMPLE WAS MADE FROM THE CONSOLIDATION OF SMALLER SAMPLES OF 20 PLIES. THESE 
INDIVIDUAL SMALLER SAMPLES CAN BE SEEN ON THE B-SCANS AT THE TOP OF THIS IMAGE. THE BOLD HORIZONTAL LINES 
INDICATE THE JOIN BETWEEN TWO SMALLER SAMPLES. THESE SMALLER SAMPLES ARE 3MM IN THICKNESS. THE 
HISTOGRAMS ON THE BOTTOM OF THE IMAGE SHOW THE PEAK TIME OF FLIGHT AT THE INTERSECTION OF THE SMALLER 
SAMPLES. THE ILLUSTRATED DEPTHS ARE AT 5MM SEPARATIONS AND ARE (LEFT TO RIGHT): 3MM (20 PLIES), 6MM (40 
PLIES), 9MM (60 PLIES), 12MM (80 PLIES) AND 15MM (100 PLIES). NOTE THAT THE DEEPEST DEPTH (RIGHT) HAD AN 
ISSUE WITH GATING IN THE SOFTWARE DUE TO THE LOW AMPLITUDES SO ONLY THE RIGHT-HAND SIDE OF THE 
DISTRIBUTION IS SHOWN. ................................................................................................................... - 145 - 
FIGURE 57: DISPLAYED IS AN INSTANTANEOUS AMPLITUDE IMAGE PROCESSED FROM AN ULTRASONIC SCAN OF A CARBON FIBRE 
5-HARNESS SATIN WEAVE. SO, CHANGES IN THE THICKNESS OF THE THIN RESIN LAYER BETWEEN PLIES RESULT IN 
CHANGES IN THE REFLECTION COEFFICIENT OF THAT RESIN LAYER. FURTHERMORE, THE INSTANTANEOUS AMPLITUDE HAS 
BEEN SHOWN TO BE DEPENDENT ON THE REFLECTION COEFFICIENT OF A BOUNDARY AT THE EQUIVALENT DEPTH FOR THE 
PULSE-ECHO TIME-OF-FLIGHT (SMITH ET.AL, 2018). WITH THIS KNOWN INFORMATION, IT CAN BE SEEN THAT, AT A 
GIVEN DEPTH IN THE COMPONENT, THE IN-PLANE INSTANTANEOUS-AMPLITUDE C-SCAN ILLUSTRATES THE RESIN-LAYER 
THICKNESS AS IT VARIES WITH FIBRE TOWS; ULTIMATELY SHOWING THE WEAVE PATTERN. (THE ‘NON-WOVEN’ AREA IN 
THE RIGHT OF THE IMAGE IS A RESULTS OF TAPE BEING PLACED OVER THE COMPOSITE DURING SCANNING). ......... - 151 - 
FIGURE 58: IN ORDER TO CLASSIFY THE WEAVE TYPE, IT IS NECESSARY TO DETECT THE DOMINANT LINES THROUGH THE WEAVE 
PATTERN, THEIR ANGLE (Α), AND THEIR SPACING (S) AND THEN USE THIS INFORMATION TO COMPARE WITH KNOWN 
SETS OF LINES FOR THE DIFFERENT WEAVE TYPES. TO CHARACTERISE THE WEAVE AND ANY DISTORTIONS, THE 
CALCULATION OF A ROTATION ANGLE (Γ) AND A SHEAR ANGLE (Δ) NEEDS TO BE UNDERTAKEN. THESE TWO ANGLES ARE 
DEFINED FOR THE WARP AND WEFT TOWS THEMSELVES AND ARE SHOWN HERE FOR A PRISTINE PLAIN WEAVE ROTATED 
BY 20° FROM THE Y-AXIS (LEFT) AND FOR A DISTORTED (SHEARED) PLAIN WEAVE (RIGHT). THE TWO ARE 
DISTINGUISHABLE BY THE DIFFERENT VALUES OF (Γ), WHICH SHOWS THE ROTATION RELATIVE TO THE X-AXIS AND (Δ), 
THE ANGLE BETWEEN THE TWO PRINCIPLE (WARP AND WEFT) DIRECTIONS. .................................................. - 153 - 
FIGURE 59: A SCHEMATIC DIAGRAM SHOWING THE PRINCIPLE OF RADON TRANSFORM ANALYSIS OF A STRUCTURED 2D IMAGE 
DATASET IS SHOWN HERE. THE LEFT HAND IMAGE, (A) REPRESENTS A  2D DATA SET WHICH IS THEN CONVERTED VIA 
PIXEL SUMMATION ALONG DIFFERENT PROJECTION ANGLES (SHOWN IN THE CENTRE IMAGE, (B)). THE RESULTANT FULL 
ANGULAR RADON IMAGE, DEMONSTRATING IMAGE STRUCTURE AT -45° IS SHOWN IN THE RIGHT HAND IMAGE, (C). THE 
FUNDAMENTAL STEP WITHIN A RADON TRANSFORM IS THE FACT THAT IS PERFORMS LINE INTEGRALS. ‘SIMPLER’ 
INTEGRALS ARE WIDELY USED WITH RESPECT TO FINDING THE AREA OF A 2D SURFACE. LINE INTEGRALS TAKE THIS 
‘SIMPLE’ INTEGRATION A STEP FURTHER AND ALLOW FOR THE COMPUTATION OF A 3D SURFACE AREA, USING A CURVE. 
THE THREE DIMENSIONS WITHIN THE RADON FUNCTION ARE THE POSITION (S), ANGLE (ΘR) AND SPACE (S, ΘR). IF AN 
2D IMAGE FUNCTION CAN BE GIVEN AS A(X,Y) THE RADON TRANSFORM WILL PERFORM LINE INTEGRALS IN THE PLANE 
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OF THIS FUNCTION; WHERE THE LINE INTEGRALS ARE MAPPED AT THEIR POSITION AND ANGLE INTO SPACE. THE 
RESULTANT IMAGE CAN BE GIVEN AS R(S, ΘR). THE INFORMATION STORED WITHIN THIS IMAGE IS ON THE ANGULAR 
STRUCTURE AND AS SUCH ALLOWS FOR THE EXPLORATION OF DOMINANT ANGLES (HUGHES, 2018). [NOTE, DUE TO 
THE IMAGE BEING REFERENCED FROM (HUGHES, 2018) ΘR IS SHOWN AS Θ IN THE IMAGE]. ........................... - 155 - 
FIGURE 60: A SKETCH OF THE PRE-CONDITION OF A RADON TRANSFORM IMAGE, R(S, Θ) ROW IS SHOWN HERE. THE ROW IS 
SHOWN IN THE MIDDLE OF THIS IMAGE. THIS PRE-CONDITIONING OCCURS IN A PROCESS OF THREE STEPS. FIRSTLY, THE 
MEAN IS SUBTRACTED FROM THE ROW SO THAT THE DATA IS BIPOLAR AND THE MEAN IS ZERO. SECONDLY, A FLAT-
TOPPED HANNING WINDOW IS APPLIED TO THE ROW TO REMOVE THE EFFECTS OF SUDDEN EDGES (THE FLAT-TOPPED 
WINDOW IS SEEN AT THE TOP OF THIS IMAGE). LASTLY, THE ROW IS ZERO-PADDED TO 2N IN ORDER TO INCREASE THE 
FREQUENCY RESOLUTION (BOTTOM OF THE IMAGE). ............................................................................... - 156 - 
FIGURE 61: A SPATIAL FREQUENCY VS, ANGLE PLOT PRODUCED IN LAUNCHNDT FOR A SIMULATED CARBON FIBRE PLAIN 
WEAVE WITH A 2MM TOW WIDTH AND A SCAN STEP OF 0.2MM. A SINGLE VERTICAL GREYSCALE LINE IS REPRESENTATIVE 
OF THE SPATIAL FREQUENCY DISTRIBUTION FOR EACH ANGLE. IN THIS IMAGE, THE DOTTED LINE HIGHLIGHTS THE 
DOMINANT SPATIAL FREQUENCY AT 0.5MM-1 (THE SPATIAL FREQUENCY IS 1/TOW WIDTH SO THIS IS TO BE EXPECTED). 
THE TWO CIRCLES HIGHLIGHT THE DOMINATE ANGLES, SEEN HERE AT 0° AND 90°, WHICH INDICATE THE FIBRE WARP 
AND WEFT DIRECTIONS OF THE SIMULATED COMPOSITE. THE LINE PLOT AT THE TOP IS REPRESENTATIVE OF THE SPOTS 
ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT 
THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ........................................... - 157 - 
FIGURE 62: A CARBON FIBRE FIVE-HARNESS SATIN WEAVE, OFFSET ONE IS SIMULATED HERE. THE SIMULATED COMPOSITE HAS 
A 2MM TOW WIDTH. THE LEFT HAND IMAGE IS A SPATIAL FREQUENCY VS. ANGLE PLOT OF THE SIMULATED WEAVE AND 
HAS THREE KEY ANGLES HIGHLIGHTED BY CIRCLES. AS THE TOW WIDTH IS 2MM, THERE ARE INDICATIONS AT SPATIAL 
FREQUENCY 0.5MM-1 AT 0° AND 90° DIRECTIONS (HIGHLIGHTED WITH THE INDIVIDUALLY DOTTED AND DASHED LINES 
RESPECTIVELY). THE NATURE OF THE ‘OFFSET ONE’ CREATES A 45° LOW FREQUENCY PEAK (HIGHLIGHTED WITH THE 
DOT-DASH LINE). ON THE RIGHT HAND IMAGE, THE ANGULAR TOW PATTERNS OF THE CORRESPONDING ANGLES ARE 
HIGHLIGHTED. THE 45° TOW PATTERN CAN BE SEEN TO BE WIDER THAN THOSE AT 0° AND 90°; THIS IS REFLECTED IN 
THE SPATIAL FREQUENCY VS ANGLE PLOT WHERE THE 45° SPATIAL FREQUENCY IS SMALLER THAN THAT OF THE 0° AND 
90° (OWING TO THE FACT THAT THE SPATIAL FREQUENCY IS 1/FIBRE TOW WIDTH). THE LINE PLOT AT THE TOP OF THE 
SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT 
THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE 
PEAK, THE BRIGHTER THE SPOT. .......................................................................................................... - 158 - 
FIGURE 63: A CARBON FIBRE FIVE-HARNESS SATIN WEAVE, OFFSET TWO HAS BEEN SIMULATED AND SHOWN HERE IS THE 
RESULTANT SPATIAL FREQUENCY VS. ANGLE PLOT. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE 
PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND 
THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. 
WHILST THE KEY ANGLES CAN BE SEEN TO BE HIGHLIGHTED (SEE FIGURE 64 FOR FURTHER EXPLANATION) THIS IMAGE IS 
INCLUDED TO HIGHLIGHT THE DIFFERENCE BETWEEN REFLECTIVE (LEFT HAND SIDE) AND ROTATIONAL SYMMETRY (RIGHT 
HAND SIDE). ON THE RIGHT HAND SIDE IMAGE, IT CAN BE SEEN THAT THERE IS NO REFLECTIVE SYMMETRY AROUND THE 
CENTRE (AT 90°). HOWEVER, IN THE LEFT HAND IMAGE THERE CAN BE SEEN TO BE 90° ROTATIONAL SYMMETRY – KEY 
ANGLES LESS THAN 90° HAVE A CORRESPONDING SET EXACTLY 90° HIGHER. ................................................ - 159 - 
FIGURE 64: A CARBON FIBRE FIVE-HARNESS SATIN WEAVE, OFFSET TWO IS SIMULATED HERE. THE SIMULATED COMPOSITE HAS 
A 2MM TOW WIDTH. THE SPATIAL FREQUENCY VS. ANGLE PLOT CAN BE SEEN IN THE LEFT HAND IMAGE WITH EIGHT 
ANGLES HIGHLIGHTED.  AS THE TOWS ARE 2MM WIDE THE INDICATIONS ARE AT SPATIAL FREQUENCY 0.5MM-1 AND THE 
KEY WEFT AND WARP INDICATIONS ARE AT 0° AND 90° RESPECTIVELY. THE OFFSET OF TWO SEEMS TO RESULT IN NO 
REFLECTIVE SYMMETRY, JUST ROTATIONAL SYMMETRY. THEY KEY ANGLES CAN BE SEEN TO BE IN PAIRS, WITH A 
SEPARATION OF 90°. THEY CAN BE SEEN AT APPROXIMATELY 38° AND 128° WITH A SPACING OF 2 MM, 20° AND 
110°, 65° AND 155°. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF 
THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ........................... - 160 - 
FIGURE 65: FIVE EXAMPLES OF 2D MILLER INDICES WITHIN LATTICE PLANES CAN BE SEEN HERE.  CRYSTALLOGRAPHIC LATTICE 
PLANES ARE DEFINED USING MILLER INDICES IN THE FORM (HKL). IN 2D SITUATIONS, SUCH AS BEING ANALYSED WITH 
2D WOVEN COMPOSITES, L IS ZERO. FOR THE RECTANGULAR LATTICES BEING ANALYSED HERE IT IS RELATIVELY 
STRAIGHTFORWARD, WITH INDICES H AND K FOR THE NUMBER OF LINES PER LATTICE POINT SPACING IN THE X AND Y 
DIRECTIONS RESPECTIVELY. A NUMBER IN BOLD ITALICS DICTATES A NEGATIVE NUMBER. ................................ - 161 - 
FIGURE 66: A SPATIAL FREQUENCY VS. ANGLE PLOT FOR A SIMULATED PLAIN WEAVE WITH 2MM TOW WIDTH IS SHOWN HERE. 
ONE OF THE FUNDAMENTALS IS KNOWN TO BE AT SPATIAL FREQUENCY OF 0.5MM-1 AT ANGLE 90° (HIGHLIGHTED WITH 
THE SOLID CIRCLE AND DOTTED LINES). [NOTE: THE OTHER FUNDAMENTAL EXISTS AT SPATIAL FREQUENCY OF 0.5MM-1 
AT ANGLE 0°] THE DOTTED LINE AND DOTTED CIRCLE SHOW THAT THERE IS ALSO AN INDICATION AT SPATIAL FREQUENCY 
- 15 - 
 
OF 1MM-1 AND ANGLE 90°, BUT THIS IS A HARMONIC AND CANNOT BE TRUSTED. THE LINE PLOT AT THE TOP IS 
REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE 
HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. - 162 
- 
FIGURE 67: THE SPATIAL FREQUENCY VS. ANGLE PLOTS FOR THREE DIFFERENT SIMULATED WEAVES ARE SHOWN HERE (FROM 
LEFT TO RIGHT: PLAIN WEAVE, 2X2 TWILL AND FIVE HARNESS SATIN), WITH THE INTEGER MILLER INDICES (01) AND 
(10) HIGHLIGHTED IN ORANGE. [NOTE: (01) AND (10) REPRESENT THE WEFT AND WARP RESPECTIVELY]. AN INITIAL 
OVERLAY (DESIGNED TO UNDERSTAND HOW THE TRANSFORMED IMAGE RELATES TO THE WEAVE SO THAT WEAVE-TYPE 
CLASSIFICATION COULD BE DEVELOPED), IS SEEN ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS. IT CAN BE SEEN THAT 
THE FUNDAMENTAL POINTS FALL ON THE CURVES OF THE OVERLAY. THE LINE PLOTS AT THE TOP ARE REPRESENTATIVE OF 
THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ............................ - 163 - 
FIGURE 68: THE C-SCAN FROM AN ULTRASONIC SCAN CAN OF A FIVE-HARNESS SATIN WEAVE OFFSET TWO (LEFT) WITH 
TRANSFORMED IMAGE (RIGHT). ON THE RIGHT HAND IMAGE OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS THERE IS A 
SOLID CURVE, TAKEN FROM THE INITIAL OVERLAY IN FIGURE 67,  REPRESENTING THE SPACING OF ARBITRARY-ANGLED 
FUNDAMENTAL CROSSINGS OF THE WARP AND WEFT LINES.  ANYTHING BELOW THIS CURVE IS CONSIDERED A WEAVE 
CHARACTERISTIC, WHILST ANYTHING ON IT OR ABOVE IT IS A LATTICE LINE. THESE THREE ASPECTS (CURVE, WEAVE 
CHARACTERISTICS AND LATTICE LINES) HAVE BEEN DEVELOPED FOLLOWING A LARGE AMOUNT OF DATA ANALYSIS, BOTH 
FROM SIMULATED DATA AND ULTRASONIC DATA. TOGETHER THEY PROVIDE A COMPREHENSIVE THEORETICAL 
TREATMENT FOR THE EXPECTED ANGLE AND SPACING OF LINES. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY 
VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE 
SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER 
THE SPOT. ....................................................................................................................................... - 164 - 
FIGURE 69: THIS DIAGRAM SHOWS THE THEORETICAL METHOD FOR CALCULATING SPACING OF ARBITRARY ANGLED LINES 
(DASHED) AS A FUNCTION OF ANGLE FOR WARP AND WEFT YARNS, WHICH MAY NOT BE PERPENDICULAR OR HAVE THE 
SAME WIDTHS. THESE ARBITRARY-ANGLED LINES ARE CONSIDERED AS AN ABSTRACT THEORETICAL TREATMENT BECAUSE 
THEY EXPLAIN THE PRESENCE OF SOME OF THE BRIGHT SPOTS ON THE SPATIAL-FREQUENCY VS ANGLE TRANSFORMED 
IMAGE. IT SHOULD BE NOTED THAT WHEN CALCULATING THE SPACING (S) AS A FUNCTION OF THE ANGLE FOR WARP AND 
WEFT TOWS, IT IS ALMOST IMPOSSIBLE TO SPECIFY WHICH IS WARP AND WHICH IS WEFT FOR MOST WEAVES (THEY ARE 
DEFINITIONS USED PRIMARILY IN THE WEAVING PROCESS) BUT THEY CORRESPOND TO MILLER INDICES (10) AND (01) 
AND CAN BE SEEN IN HERE. THE WARP AND WEFT TOWS MAY NOT BE PERPENDICULAR OR HAVE THE SAME SPACINGS 
(S10 AND S01). THE PARALLELOGRAM P1 IS THE FUNDAMENTAL REGION OF OVERLAP OF THE WARP AND WEFT TOWS. P2 
IS EFFECTIVELY A SECOND-HARMONIC REGION OF THE FUNDAMENTAL OVERLAP AND IS A USEFUL CONCEPT FOR LATER IN 
THE THEORETICAL TREATMENT. ........................................................................................................... - 166 - 
FIGURE 70: A SIMPLE SKETCH TO DETERMINE ANGULAR ZONES WHERE THE SPACING OF THE ARBITRARY LINES (SHOWN IN 
FIGURE 69) CORRESPONDS TO THE DISTANCE ACROSS A GIVEN TOW. WHETHER TO USE DISTANCE (A) OR (B) 
(EQUATION 30 AND EQUATION 31) DEPENDS ON WHICH TWO SIDES OF PARALLELOGRAM (P1) ARE CROSSED BY LINES 
NORMAL TO THE EDGES OF THE PARALLELOGRAM (P1) AT ANGLE (Θ), TO A LINE AT ANGLE (Α) PASSING THROUGH THE 
CENTRE. THE CHANGE FROM (A) TO (B) OCCURS AT ANGLES (Θ1) OR (Θ2) WITHIN THE PARALLELOGRAM (P1). ..... - 168 - 
FIGURE 71: A SPATIAL FREQUENCY VS ANGLE PLOT FOR A SIMULATED PLAIN WEAVE SHOWING THE CUSP SHAPED CURVES AS AN 
OVERLAY. THE CUSP POINTS ARE DEFINED AS BEING WHEN THE SPACING REACHES A MAXIMUM AND SPATIAL FREQUENCY 
REACHES A MINIMUM, FOR THE LINE SPACING CALCULATIONS, AN EXAMPLE OF A CUSP POINT CAN BE SEEN AT POINT 
(11). [NOTE: THIS VERSION OF THE OVERLAY ALSO HAS SPECIFIC MILLER INDICES HIGHLIGHTED AUTOMATICALLY]. THE 
DIFFERENT COLOURS FOR THE MILLER INDICES CAN BE IGNORED. IT WAS ORIGINALLY THOUGHT THAT MILLER INDICES 
RELATING TO WARP AND WEFT TOWS COULD BE DISTINGUISHED BUT IT IS ALMOST IMPOSSIBLE TO SPECIFY WHICH IS 
WARP AND WHICH IS WEFT FOR MOST WEAVES. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT 
IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE 
HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. - 170 
- 
FIGURE 72: THE LEFT HAND SIDE OF THIS IMAGE SHOWS AN EXAMPLE OF THIS LATTICE (WHERE, d ¹ p/2 RADIANS) WHILST THE 
RIGHT HAND SIDE SHOWS AN EXAMPLE WHERE ONE OF THE MILLER INDICES IS GREATER THAN UNITY (RIGHT). ANY 
INSTANTANEOUS AMPLITUDE PLOT CAN BE SEEN TO SHOW THE WEAVE PATTERN, OWING TO THE THICKNESS VARIATION 
OF THE FIBRE TOWS. THE IDEA OF A LATTICE STRUCTURE WAS DEVELOPED FROM THESE INSTANTANEOUS AMPLITUDE 
PLOTS. OWING TO THE INDIVIDUALITY OF THE WEAVES, THESE LATTICES MAY NOT BE SQUARE OR RECTANGULAR I.E.  d ¹ 
p/2 RADIANS. ................................................................................................................................. - 171 - 
FIGURE 73: A SKETCHED EXAMPLE OF A LATTICE WHERE S01 ≠ S10. WHEN S01 ≠ S10 THERE WILL BE A DIFFERENCE IN THE 
ANGLE AND SPACING OF THE NORMAL TO (11) AND (-11) LINES AND THE LINES BETWEEN THE CORNERS OF (P). IN THIS 
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SITUATION THE (11) AND (-11) BRIGHT SPOTS (IN THE SPATIAL FREQUENCY VS ANGLE PLOT) WILL NOT APPEAR ON THE 
2ND HARMONIC LINE AT THE CUSPS. (WHERE THE CUSP POINTS ARE LOCATIONS AT WHICH THE SPACING REACHES A 
MAXIMUM AND SPATIAL FREQUENCY REACHES A MINIMUM, FOR THE LINE SPACING CALCULATIONS ARE CALCULATED 
USING EQUATION 35). ..................................................................................................................... - 173 - 
FIGURE 74: AN INSTANTANEOUS AMPLITUDE C-SCAN FOR A SIMULATED FIVE-HARNESS SATIN WEAVE. AT THE POINTS WHERE 
THE WARP AND WEFT TOWS CROSS EACH OTHER, LATTICE POINTS CAN BE CREATED; THEY ARE HIGHLIGHTED HERE WITH 
CIRCLES. THESE LATTICE POINTS CORRESPOND TO THE CIRCLES SEEN IN FIGURE 73 FOR EXAMPLE. .................... - 174 - 
FIGURE 75: THE FINAL OVERLAY WHICH WAS DEVELOPED FOR A COMPOSITE WITH DELTA (d) = 90° AND A 2MM FIBRE-TOW 
WIDTH. THE LARGE CIRCLES ARE THE FUNDAMENTAL LATTICE LINES AND ARE REPRESENTED BY THE MILLER INDICES, IN 
THE FORM (HK) AS DESCRIBED IN FIGURE 65. THE SMALL CIRCLES ARE THE SUB-HARMONICS WHICH ARE DEFINED AS THE 
SPATIAL FREQUENCIES ASSOCIATED WITH THE LARGE CIRCLES, DIVIDED BY THE INTEGER, M, IN THE LEGEND (WHICH IS 
LOCATED AT THE TOP OF THE IMAGE). .................................................................................................. - 175 - 
FIGURE 76: A SIMULATED PLAIN WEAVE WITH FIBRE TOW WIDTH OF 2MM IS SHOWN ON THE RIGHT HAND SIDE. THE LEFT 
HAND SIDE SHOWS THE CORRESPONDING SPATIAL FREQUENCY VS. ANGLE PLOT. FIRSTLY, IT SHOULD BE NOTED THAT FOR 
A PLAIN WEAVE, THERE ARE NO WEAVE CHARACTERISTICS BELOW THE FUNDAMENTAL CURVE. THE COLOURED OVALS ON 
THE LEFT HAND SIDE CORRESPOND TO THE SAME COLOURED LINES OF THE RIGHT HAND SIDE HIGHLIGHTING THE ANGLED 
LATTICE LINES DETECTED AS PART OF THE SPATIAL FREQUENCY PROCESS. THE LINE PLOT AT THE TOP OF THE SPATIAL 
FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, 
THE BRIGHTER THE SPOT. (IT SHOULD BE NOTED HERE THAT THE ANALYSIS BEHIND THIS FIGURE DOES NOT INCLUDE THE 
USE OF THE OVERLAY SHOWN IN FIGURE 75, RATHER THE ORIGINAL CURVED OVERLAY PICTURED IN FIGURE 67). - 176 - 
FIGURE 77: A SIMULATED 1X2 BASKET WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 25° AND 155°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL FREQUENCY VS. 
ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY ANGLES ARE HIGHLIGHTED BY 
OVALS ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS AND CORRESPONDING LINES ON THE SIMULATED C-SCAN. NOTE 
THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES (DUE TO THE 
SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). REMEMBERING THAT THIS IS A 1X2 BASKET WEAVE NOTE THAT AT 
THE PRIMARY POINT OF (01) HAS NO SUB-HARMONICS (M=1), BUT THE PRIMARY POINT OF (10) HAS TWO SUB-
HARMONICS (M=2). WHERE M IS THE INTEGER VALUE BY WHICH THE FUNDAMENTAL MILLER INDICES POINTS ON THE 
OVERLAY ARE DIVIDED. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF 
THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ........................... - 177 - 
FIGURE 78: A SIMULATED 1X3 BASKET WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 17° AND 163°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL FREQUENCY VS. 
ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY ANGLES ARE HIGHLIGHTED BY 
OVALS ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS AND CORRESPONDING LINES ON THE SIMULATED C-SCAN. NOTE 
THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES (DUE TO THE 
SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). REMEMBERING THAT THIS IS A 1X3 BASKET WEAVE NOTE THAT AT 
THE PRIMARY POINT OF (01) HAS NO SUB-HARMONICS (M=1), BUT THE PRIMARY POINT OF (10) HAS TWO SUB-
HARMONICS (M=3). WHERE M IS THE INTEGER VALUE BY WHICH THE FUNDAMENTAL MILLER INDICES POINTS ON THE 
OVERLAY ARE DIVIDED. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF 
THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ........................... - 178 - 
FIGURE 79: A SIMULATED 2X2 BASKET WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 18°, 72°, 108° AND 162°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL 
FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY ANGLES ARE 
HIGHLIGHTED BY OVALS ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS AND CORRESPONDING LINES ON THE SIMULATED 
C-SCAN. NOTE THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES 
(DUE TO THE SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). REMEMBERING THAT THIS IS A 2X2 BASKET WEAVE 
NOTE THAT AT THE PRIMARY POINT OF (01) HAS ONE SUB-HARMONIC (M=2), AND THE PRIMARY POINT OF (10) HAS 
ONE SUB-HARMONIC (M=2). WHERE M IS THE INTEGER VALUE BY WHICH THE FUNDAMENTAL MILLER INDICES POINTS 
ON THE OVERLAY ARE DIVIDED. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS 
REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE 
HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. - 180 
- 
FIGURE 80: A SIMULATED 3X3 BASKET WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 10°, 70°, 110° AND 170°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL 
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FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY ANGLES ARE 
HIGHLIGHTED BY OVALS ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS AND CORRESPONDING LINES ON THE SIMULATED 
C-SCAN. NOTE THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES 
(DUE TO THE SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). REMEMBERING THAT THIS IS A 3X3 BASKET WEAVE 
NOTE THAT AT THE PRIMARY POINT OF (01) HAS TWO SUB-HARMONICS (M=3), AND THE PRIMARY POINT OF (10) HAS 
TWO SUB-HARMONICS (M=3). WHERE M IS THE INTEGER VALUE BY WHICH THE FUNDAMENTAL MILLER INDICES 
POINTS ON THE OVERLAY ARE DIVIDED. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS 
REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE 
HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. - 181 
- 
FIGURE 81: A SIMULATED 3X1 BASKET WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 72° AND 108°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL FREQUENCY VS. 
ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY ANGLES ARE NOT HIGHLIGHTED 
ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS BUT THE ANGLED LINES ARE SHOWN ON THE SIMULATED C-SCAN. NOTE 
THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES (DUE TO THE 
SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). REMEMBERING THAT THIS IS A 3X1 BASKET WEAVE NOTE THAT AT 
THE PRIMARY POINT OF (01) HAS TWO SUB-HARMONICS (M=3), BUT THE PRIMARY POINT OF (10) HAS NO SUB-
HARMONICS (M=1). WHERE M IS THE INTEGER VALUE BY WHICH THE FUNDAMENTAL MILLER INDICES POINTS ON THE 
OVERLAY ARE DIVIDED. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF 
THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ............................ - 182 - 
FIGURE 82: A SIMULATED 4X1 BASKET WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 72° AND 108°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL FREQUENCY VS. 
ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY ANGLES ARE NOT HIGHLIGHTED 
ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS BUT THE ANGLED LINES ARE SHOWN ON THE SIMULATED C-SCAN. NOTE 
THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES (DUE TO THE 
SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). REMEMBERING THAT THIS IS A 4X1 BASKET WEAVE NOTE THAT AT 
THE PRIMARY POINT OF (01) HAS THREE SUB-HARMONICS (M=4), BUT THE PRIMARY POINT OF (10) HAS NO SUB-
HARMONICS (M=1). WHERE M IS THE INTEGER VALUE BY WHICH THE FUNDAMENTAL MILLER INDICES POINTS ON THE 
OVERLAY ARE DIVIDED. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF 
THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ............................ - 183 - 
FIGURE 83: A SIMULATED 3X2 BASKET WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 20°, 75°, 105° AND 160°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL 
FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY ANGLES ARE NOT 
HIGHLIGHTED ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS BUT THE ANGLED LINES ARE SHOWN ON THE SIMULATED C-
SCAN. NOTE THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES (DUE 
TO THE SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). REMEMBERING THAT THIS IS A 3X2 BASKET WEAVE NOTE 
THAT AT THE PRIMARY POINT OF (01) HAS TWO SUB-HARMONICS (M=3), AND THE PRIMARY POINT OF (10) HAS ONE 
SUB-HARMONICS (M=2). WHERE M IS THE INTEGER VALUE BY WHICH THE FUNDAMENTAL MILLER INDICES POINTS ON 
THE OVERLAY ARE DIVIDED. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE 
OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ............................ - 184 - 
FIGURE 84: A SIMULATED 4X2 BASKET WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 15°, 80°, 100° AND 165°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL 
FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY ANGLES ARE NOT 
HIGHLIGHTED ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS BUT THE ANGLED LINES ARE SHOWN ON THE SIMULATED C-
SCAN. NOTE THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES (DUE 
TO THE SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). REMEMBERING THAT THIS IS A 4X2 BASKET WEAVE NOTE 
THAT AT THE PRIMARY POINT OF (01) HAS THREE SUB-HARMONICS (M=4), AND THE PRIMARY POINT OF (10) HAS ONE 
SUB-HARMONICS (M=2). WHERE M IS THE INTEGER VALUE BY WHICH THE FUNDAMENTAL MILLER INDICES POINTS ON 
THE OVERLAY ARE DIVIDED. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE 
OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ............................ - 185 - 
FIGURE 85: A SKETCH OF AN EXEMPLAR TWILL WEAVE. THE RESULTING PATTERN OF THE WARP AND WEFT FIBRES CAN BE SEEN 
WITH THE YELLOW VERTICAL FIBRE SECTIONS AND THE GREEN HORIZONTAL FIBRE SECTIONS. THREE KEY SPACING VALUES 
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(S01, S10 AND S11) ARE MARKED. FURTHER KEY LATTICE LINES OF MILLER INDICES (13) AND (31). THE ANGLES, DELTA 
(d) AND GAMMA (g) ARE ALSO HIGHLIGHTED. ....................................................................................... - 189 - 
FIGURE 86: A SIMULATED 2X2 TWILL WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 45°, 110° AND 165°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL 
FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY WEAVE 
CHARACTERISTIC ANGLES (45°, 110° AND 165°) ARE HIGHLIGHTED ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS AND 
THE ANGLED LINES ARE SHOWN ON THE SIMULATED C-SCAN. THE RED AND GREEN LINES ON THE SIMULATED C-SCAN 
HIGHLIGHT THE WARP AND WEFT TOWS AND ARE NOW AN AUTOMATIC FEATURE OF THE LAUNCHNDT ANALYSIS. NOTE 
THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES (DUE TO THE 
SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE 
PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND 
THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. . - 
190 - 
FIGURE 87: A SIMULATED 3X3 TWILL WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE CHARACTERISTICS, 
SEEN AT APPROXIMATELY 45°, 105° AND 170°. WEAVE CHARACTERISTICS ARE THOSE SPOTS ON THE SPATIAL 
FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY WEAVE 
CHARACTERISTIC ANGLES (45°, 105° AND 170°) ARE HIGHLIGHTED ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS AND 
THE ANGLED LINES ARE SHOWN ON THE SIMULATED C-SCAN. THE RED AND GREEN LINES ON THE SIMULATED C-SCAN 
HIGHLIGHT THE WARP AND WEFT TOWS AND ARE NOW AN AUTOMATIC FEATURE OF THE LAUNCHNDT ANALYSIS. NOTE 
THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING BETWEEN THE PATTERNED LINES (DUE TO THE 
SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE 
PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND 
THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. . - 
191 - 
FIGURE 88: THE METHOD FOR CHARACTERISING WEAVE CHARACTERISTIC LINES FOUND IN AN N-HARNESS SATIN WEAVE WITH 
AN OFFSET OF N IS SIMPLY SKETCHED HERE. FOR AN N-HARNESS SATIN WEAVE, WITH AN OFFSET OF N, THERE ARE SETS 
OF WEAVE CHARACTERISTIC LINES WHICH CAN BE DESCRIBED BY MILLER INDICES.  EACH LINE IS LABELLED (M,K) SO 
SUBSEQUENTLY THE (IJ) MILLER INDICES FOR THE LINES AT THEIR ANGLES CAN BE DETERMINED. WHEN M=0 THE LINES 
ARE DOTTED, WHEN M=1 THE LINES ARE SOLID AND WHEN M=2 THEY ARE DASHED. THE HIGHLIGHTED SQUARE IS THE 
REFERENCE FOR THE START OF EACH LINE. THE NEXT SQUARE THROUGH WHICH THE LINE PASSES CAN BE DESIGNATED BY 
(M) STEPS OF (N) TO THE RIGHT FOLLOWED BY (K) STEPS UP ONE ROW AND LASTLY (N) TO THE LEFT (I.E. IN THE 
DIRECTION OF THE (0,1) LINES). THEREFORE, FOR M=1, THERE IS A SET OF LINES CORRESPONDING TO DIFFERENT (K) 
VALUES. ......................................................................................................................................... - 195 - 
FIGURE 89: A SIMULATED FIVE-HARNESS SATIN, OFFSET ONE WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE 
CHARACTERISTICS, SEEN AT APPROXIMATELY 15°, 35°, 55°, 75° AND 135°. WEAVE CHARACTERISTICS ARE THOSE 
SPOTS ON THE SPATIAL FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. 
THE KEY WEAVE CHARACTERISTIC ANGLES (15°, 35°, 55°, 75° AND 135°) ARE HIGHLIGHTED BY OVALS ON THE 
SPATIAL FREQUENCY VS. ANGLE PLOTS AND THE CORRESPONDING ANGLED LINES ARE SHOWN ON THE SIMULATED C-
SCAN. THE RED AND GREEN LINES ON THE SIMULATED C-SCAN HIGHLIGHT THE WARP AND WEFT TOWS AND ARE NOW AN 
AUTOMATIC FEATURE OF THE LAUNCHNDT ANALYSIS. NOTE THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER 
THE SPACING BETWEEN THE PATTERNED LINES (DUE TO THE SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). THE LINE 
PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. 
THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF 
THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ...................................................................... - 196 - 
FIGURE 90: THE (M) VALUE, TAKEN FROM THE (M,K) ANALYSIS SHOWN IN FIGURE 88, REPRESENTS HOW MANY STEPS OF (N) 
TO THE RIGHT (OF THE IDENTIFIED CENTRE SQUARE) THE WEAVE CHARACTERISTIC LINES ARE. WHERE N IS A NOMINAL 
DISTANCE BETWEEN SQUARES. THE (M) VALUE LINES CAN BE SEEN TO BE HIGHLIGHTED ON THE SPATIAL FREQUENCY VS. 
ANGLE PLOT (LEFT HAND SIDE) FOR A SIMULATED FIVE-HARNESS SATIN, OFFSET ONE WEAVE (2MM TOW WIDTH). THE 
HIGHLIGHTED (M) LINES ARE DRAWN THROUGH SPOTS ON THE SPATIAL FREQUENCY VS. ANGLE PLOT. ............... - 197 - 
FIGURE 91: A SIMULATED FIVE-HARNESS SATIN, OFFSET TWO WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL WEAVE 
CHARACTERISTICS, SEEN AT APPROXIMATELY 20°, 63°, 110° AND 153°. WEAVE CHARACTERISTICS ARE THOSE SPOTS 
ON THE SPATIAL FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. THE KEY 
WEAVE CHARACTERISTIC ANGLES (20°, 63°, 110° AND 153°) ARE HIGHLIGHTED BY OVALS ON THE SPATIAL FREQUENCY 
VS. ANGLE PLOTS AND THE CORRESPONDING ANGLED LINES ARE SHOWN ON THE SIMULATED C-SCAN. THE RED AND 
GREEN LINES ON THE SIMULATED C-SCAN HIGHLIGHT THE WARP AND WEFT TOWS AND ARE NOW AN AUTOMATIC 
FEATURE OF THE LAUNCHNDT ANALYSIS. NOTE THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER THE SPACING 
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BETWEEN THE PATTERNED LINES (DUE TO THE SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). THE LINE PLOT AT THE 
TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN 
BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE 
HIGHER THE PEAK, THE BRIGHTER THE SPOT. .......................................................................................... - 199 - 
FIGURE 92: THE (M) VALUE, TAKEN FROM THE (M,K) ANALYSIS SHOWN IN FIGURE 88, REPRESENTS HOW MANY STEPS OF (N) 
TO THE RIGHT (OF THE IDENTIFIED CENTRE SQUARE) THE WEAVE CHARACTERISTIC LINES ARE. WHERE N IS A NOMINAL 
DISTANCE BETWEEN SQUARES. THE (M) VALUE LINES CAN BE SEEN TO BE HIGHLIGHTED ON THE SPATIAL FREQUENCY VS. 
ANGLE PLOT (LEFT HAND SIDE) FOR A SIMULATED FIVE-HARNESS SATIN, OFFSET TWO WEAVE (2MM TOW WIDTH). THE 
HIGHLIGHTED (M) LINES ARE DRAWN THROUGH SPOTS ON THE SPATIAL FREQUENCY VS. ANGLE PLOT. ................ - 200 - 
FIGURE 93: A SIMULATED SEVEN-HARNESS SATIN, OFFSET THREE WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL 
WEAVE CHARACTERISTICS, SEEN AT APPROXIMATELY 15°, 65°, 102° 125° AND 162°. WEAVE CHARACTERISTICS ARE 
THOSE SPOTS ON THE SPATIAL FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL 
CURVE. THE KEY WEAVE CHARACTERISTIC ANGLES (15°, 65°, 102° 125° AND 162°) ARE HIGHLIGHTED BY OVALS ON 
THE SPATIAL FREQUENCY VS. ANGLE PLOTS AND THE CORRESPONDING ANGLED LINES ARE SHOWN ON THE SIMULATED C-
SCAN. THE RED AND GREEN LINES ON THE SIMULATED C-SCAN HIGHLIGHT THE WARP AND WEFT TOWS AND ARE NOW AN 
AUTOMATIC FEATURE OF THE LAUNCHNDT ANALYSIS. NOTE THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER 
THE SPACING BETWEEN THE PATTERNED LINES (DUE TO THE SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). THE LINE 
PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE POTS ON THE MAIN PLOT. THE 
PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE 
SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ............................................................................ - 201 - 
FIGURE 94: THE (M) VALUE, TAKEN FROM THE (M,K) ANALYSIS SHOWN IN FIGURE 88, REPRESENTS HOW MANY STEPS OF (N) 
TO THE RIGHT (OF THE IDENTIFIED CENTRE SQUARE) THE WEAVE CHARACTERISTIC LINES ARE. WHERE N IS A NOMINAL 
DISTANCE BETWEEN SQUARES. THE (M) VALUE LINES CAN BE SEEN TO BE HIGHLIGHTED ON THE SPATIAL FREQUENCY VS. 
ANGLE PLOT (LEFT HAND SIDE) FOR A SIMULATED SEVEN-HARNESS SATIN, OFFSET THREE WEAVE (2MM TOW WIDTH). 
THE HIGHLIGHTED (M) LINES ARE DRAWN THROUGH SPOTS ON THE SPATIAL FREQUENCY VS. ANGLE PLOT. .......... - 202 - 
FIGURE 95: A SIMULATED FOUR-HARNESS CROWS FOOT SATIN WEAVE (TOW WIDTH OF 2MM) SHOWING FUNDAMENTAL 
WEAVE CHARACTERISTICS, SEEN AT APPROXIMATELY 27°, 45°, 135° AND 153°. WEAVE CHARACTERISTICS ARE THOSE 
SPOTS ON THE SPATIAL FREQUENCY VS. ANGLES PLOTS WHICH CAN BE IDENTIFIED BELOW THE FUNDAMENTAL CURVE. 
THE KEY WEAVE CHARACTERISTIC ANGLES (27°, 45°, 135° AND 153°) ARE HIGHLIGHTED BY OVALS ON THE SPATIAL 
FREQUENCY VS. ANGLE PLOTS AND THE CORRESPONDING ANGLED LINES ARE SHOWN ON THE SIMULATED C-SCAN. THE 
RED AND GREEN LINES ON THE SIMULATED C-SCAN HIGHLIGHT THE WARP AND WEFT TOWS AND ARE NOW AN 
AUTOMATIC FEATURE OF THE LAUNCHNDT ANALYSIS. NOTE THAT THE LOWER THE SPATIAL FREQUENCY THE LARGER 
THE SPACING BETWEEN THE PATTERNED LINES (DUE TO THE SPATIAL FREQUENCY BEING 1/FIBRE TOW WIDTH). THE LINE 
PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. 
THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF 
THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ...................................................................... - 204 - 
FIGURE 96: SPATIAL FREQUENCY VS. ANGLE PLOTS FOR A SIMULATED 3X3 TWILL (LEFT) AND A SIMULATED FIVE HARNESS 
SATIN, OFFSET ONE (RIGHT). BOTH HAVE SIMULATED FIBRE TOW WIDTHS OF 2MM. THE DOTTED LINE IN BOTH IMAGES 
REPRESENTS A CENTRE POINT (AT 90°) TO SHOW MIRRORING OF THE WEAVE CHARACTERISTICS (HIGHLIGHTED WITH 
DOTTED OVALS) BETWEEN THE TWO WEAVES. IT IS THOUGHT THAT THIS MIRRORING IS THE REASON FOR THE FIVE 
HARNESS SATIN WEAVE WITH AN OFFSET OF ONE IS MISTAKEN FOR A 3X3 TWILL WEAVE IN THE WEAVE INDEX. .... - 208 - 
FIGURE 97: THE WEAVE INDEX, WITH THE OUTCOME OF THE AUTOMATED PROCESS SHOWING A 3X3 TWILL WEAVE IS SHOWN 
TO THE LEFT HAND SIDE OF THE IMAGE. THE NUMBER IS AN ARBITRARY SCALE BUT THE HIGHEST NUMBER INDICATES THE 
SUGGESTED WEAVE FROM THE PROCESS. HOWEVER, THE AUTOMATED PROCESS WAS RUN, IN THIS EXAMPLE, FOR A 
SIMULATED FIVE HARNESS SATIN, OFFSET ONE WEAVE (WITH THE OUTPUT SPATIAL FREQUENCY VS. ANGLE PLOT AND THE 
C-SCAN SHOWN IN THE MIDDLE AND RIGHT HAND SIDE RESPECTIVELY), INDICATING THAT IN THIS INSTANCE THE 
AUTOMATED PROCESS HAS INCORRECTLY IDENTIFIED THIS WEAVE. THE LINE PLOT AT THE TOP OF THE SPATIAL 
FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, 
THE BRIGHTER THE SPOT. ................................................................................................................... - 209 - 
FIGURE 98: THE WEAVE INDEX, WITH THE OUTCOME OF THE AUTOMATED PROCESS SHOWING A 2X1 BASKET WEAVE IS SHOWN 
TO THE LEFT HAND SIDE OF THE IMAGE. THE NUMBER IS AN ARBITRARY SCALE BUT THE HIGHEST NUMBER INDICATES THE 
SUGGESTED WEAVE FROM THE PROCESS. HOWEVER, THE AUTOMATED PROCESS WAS RUN, IN THIS EXAMPLE, FOR A 
SIMULATED FIVE HARNESS SATIN, OFFSET ONE WEAVE (WITH THE OUTPUT SPATIAL FREQUENCY VS. ANGLE PLOT AND THE 
C-SCAN SHOWN IN THE MIDDLE AND RIGHT HAND SIDE RESPECTIVELY), INDICATING THAT IN THIS INSTANCE THE 
AUTOMATED PROCESS HAS INCORRECTLY IDENTIFIED THIS WEAVE. THE LINE PLOT AT THE TOP OF THE SPATIAL 
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FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, 
THE BRIGHTER THE SPOT. ................................................................................................................... - 210 - 
FIGURE 99: THE WEAVE INDEX, WITH THE OUTCOME OF THE AUTOMATED PROCESS SHOWING A FIVE HARNESS SATIN, OFFSET 
TWO WEAVE IS SHOWN TO THE LEFT HAND SIDE OF THE IMAGE. THE NUMBER IS AN ARBITRARY SCALE BUT THE HIGHEST 
NUMBER INDICATES THE SUGGESTED WEAVE FROM THE PROCESS. THE AUTOMATED PROCESS WAS RUN, IN THIS 
EXAMPLE, FOR A SIMULATED FIVE HARNESS SATIN, OFFSET TWO WEAVE (WITH THE OUTPUT SPATIAL FREQUENCY VS. 
ANGLE PLOT AND THE C-SCAN SHOWN IN THE MIDDLE AND RIGHT HAND SIDE RESPECTIVELY), INDICATING THAT IN THIS 
INSTANCE THE AUTOMATED PROCESS HAS CORRECTLY IDENTIFIED THE WEAVE. THIS WAS FOLLOWING THE 
IMPLEMENTATION OF A GAUSSIAN WEIGHTED SUM TO THE AUTOMATED PROCESS. THE LINE PLOT AT THE TOP OF THE 
SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT 
THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE 
PEAK, THE BRIGHTER THE SPOT. .......................................................................................................... - 210 - 
FIGURE 100: THE TOP HALF OF THIS IMAGE, SHOWS THE INCORRECT IDENTIFICATION FOR A SIMULATED FIVE HARNESS SATIN 
WEAVE, OFFSET TWO AT +45°. THE WEAVE INDEX SHOWS AN INCORRECT IDENTIFICATION OF A 1X2 BASKET WEAVE. 
THE BOTTOM HALF OF THIS IMAGE SHOWS THE CORRECT IDENTIFICATION FOLLOWING THE IMPLEMENTATION OF A 
GAUSSIAN WEIGHTED SUM. THE SPATIAL FREQUENCY VS. ANGLE PLOTS AND C-SCANS ARE INCLUDED TO SHOW THAT 
THEY DO NOT VARY FOLLOWING THE ADDITION OF THE GAUSSIAN WEIGHTED SUM. THE LINE PLOTS AT THE TOP OF THE 
SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN 
AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE 
PEAK, THE BRIGHTER THE SPOT. .......................................................................................................... - 211 - 
FIGURE 101: THE TOP HALF OF THIS IMAGE, SHOWS THE INCORRECT IDENTIFICATION FOR A SIMULATED SEVEN-HARNESS SATIN 
WEAVE, OFFSET TWO AT -45°. THE WEAVE INDEX SHOWS AN INCORRECT IDENTIFICATION OF A SIX-HARNESS SATIN, 
OFFSET TWO WEAVE. THE BOTTOM HALF OF THIS IMAGE SHOWS THE CORRECT IDENTIFICATION FOLLOWING THE 
IMPLEMENTATION OF A GAUSSIAN WEIGHTED SUM. THE SPATIAL FREQUENCY VS. ANGLE PLOTS AND C-SCANS ARE 
INCLUDED TO SHOW THAT THEY DO NOT VARY FOLLOWING THE ADDITION OF THE GAUSSIAN WEIGHTED SUM. THE LINE 
PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN 
PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS 
OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ................................................................. - 212 - 
FIGURE 102: THE WEAVE INDEX, WITH THE OUTCOME OF THE AUTOMATED PROCESS SHOWING A 3X1 BASKET WEAVE IS 
SHOWN TO THE LEFT HAND SIDE OF THE IMAGE. THE NUMBER IS AN ARBITRARY SCALE BUT THE HIGHEST NUMBER 
INDICATES THE SUGGESTED WEAVE FROM THE PROCESS. THE AUTOMATED PROCESS WAS RUN, IN THIS EXAMPLE, FOR A 
SIMULATED SEVEN-HARNESS SATIN, OFFSET THREE AT +45° (WITH THE OUTPUT SPATIAL FREQUENCY VS. ANGLE PLOT 
AND THE C-SCAN SHOWN IN THE MIDDLE AND RIGHT HAND SIDE RESPECTIVELY), INDICATING THAT IN THIS INSTANCE THE 
AUTOMATED PROCESS HAS INCORRECTLY IDENTIFIED THE WEAVE, DESPITE (01) AND (10) BEING IDENTIFIED CORRECTLY. 
THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN 
PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS 
OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ................................................................. - 213 - 
FIGURE 103: THE WEAVE INDEX, WITH THE OUTCOME OF THE AUTOMATED PROCESS CORRECTLY SHOWING A SEVEN-HARNESS 
SATIN, OFFSET THREE AT +45° IS SHOWN TO THE LEFT HAND SIDE OF THE IMAGE. THE NUMBER IS AN ARBITRARY SCALE 
BUT THE HIGHEST NUMBER INDICATES THE SUGGESTED WEAVE FROM THE PROCESS. THE AUTOMATED PROCESS WAS 
RUN, IN THIS EXAMPLE, FOR A SIMULATED SEVEN-HARNESS SATIN, OFFSET THREE AT +45° (WITH THE OUTPUT SPATIAL 
FREQUENCY VS. ANGLE PLOT AND THE C-SCAN SHOWN IN THE MIDDLE AND RIGHT HAND SIDE RESPECTIVELY), 
INDICATING THAT IN THIS INSTANCE THE AUTOMATED PROCESS HAS CORRECTLY IDENTIFIED THE WEAVE. THE LINE PLOT 
AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE 
PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE 
SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ........................................................................... - 214 - 
FIGURE 104: GRAPHICAL SKETCH (QUACKENBUSH, 2015) REPRESENTING ACCURACY AND PRECISION. WHERE (FOR THIS 
THESIS) ACCURACY IS USED TO DESCRIBE THE TRUENESS OF CLOSENESS OF THE MEAN OF A SET OF MEASUREMENTS TO 
THE TRUE VALUE. PRECISION IS USED TO DESCRIBE STATISTICAL DISTRIBUTION OF THE MEASUREMENTS ABOUT THE 
MEAN VALUE. ................................................................................................................................. - 215 - 
FIGURE 105: A SIMULATED GRAPH HIGHLIGHTING THE PARAMETERS USED FOR THE CREATION OF IN-PLANE WAVINESS IN THE 
SIMULATED DATA IN LAUNCHNDT.  USING SIMULATED DATA, A PRISTINE 2X2 TWILL WEAVE IS MODELLED 
THROUGHOUT CHAPTER FIVE WITH IN-PLANE WAVINESS ADDED. EQUATION 48 SHOWS THE EQUATION FOR THIS WAVE 
AND IN THIS SIMULATED INSTANCE HAS THE FOLLOWING PARAMETERS; WAVINESS AMPLITUDE (AW) OF 2MM, 
WAVINESS GAUSSIAN HALF-WIDTH (HW) OF 8MM AND WAVINESS WAVELENGTH (ΛW) OF 20MM. .................. - 216 - 
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FIGURE 106: IN ORDER TO COMPUTE THE STACKING SEQUENCE (USING DATA FROM THE C-SCAN), A COMPUTATIONAL BOX IS 
CREATED AND IT IS THE DATA CAPTURED WITHIN THE BOUNDARIES OF THIS BOX WHICH ARE SPECIFICALLY PROCESSED. 
FOR ‘STACKING-SEQUENCE’ ANALYSIS IN LAUNCHNDT, THE DEFAULT BOX SIZE IS RELATED TO THE SIZE OF THE SCAN. 
SHOWN HERE IS A 20MM X 20MM SIMULATED 2X2 TWILL WEAVE, WITH THE BOX BOUNDARIES AT 1/8TH AND 7/8TH OF 
THE TOTAL LENGTH. .......................................................................................................................... - 217 - 
FIGURE 107: A SKETCH SHOWING TWO DIFFERENT BOX SIZES ON ONE WAVE; POSITIONED AT THE POINT OF INFLECTION OF THE 
SINE WAVE, WHICH IS THE LOCATION OF THE MAXIMUM ANGLE OF THE WAVE. IT CAN BE SEEN THE LARGER BOX 
UNDERESTIMATES THE ANGLE MORE THAN THE USE OF THE SMALLER BOX. IF THE BOX IS SMALL, A SMALLER AMOUNT OF 
DATA IS USED SO THE PRECISION IS LESS BUT THE ACCURACY IS GREATER. HOWEVER, IF THE BOX IS LARGE, THE 
PRECISION IS GREATER BUT THE ACCURACY IS REDUCED (THE WAVINESS ANGLE WILL ALWAYS BE UNDERESTIMATED). SO, 
THERE IS A TRADE-OFF HERE BETWEEN ACCURACY AND PRECISION; THE LARGER THE DATA BOX, THE SMALLER AND MORE 
WELL DEFINED THE SPOTS ON THE SPATIAL-FREQUENCY VS ANGLE PLOTS, BUT THE WORSE THE ACCURACY OF THE 
MEASUREMENT OF MAXIMUM WAVINESS ANGLE. ................................................................................... - 218 - 
FIGURE 108: A SKETCH INDICATING HOW (01) AND (10) ARE CALCULATED WITHIN LAUNCHNDT, WITH THE KEY INPUT BEING 
THE FIBRE TOW WIDTH AND ITS ASSOCIATED SPATIAL FREQUENCY (1/FIBRE TOW WIDTH). FOLLOWING THE 
COMPUTATION OF THE CORRESPONDING SPATIAL FREQUENCY (FROM THE INPUT FIBRE TOW WIDTH), ± 20% VALUES 
ARE DETERMINED TO DESCRIBE A SPATIAL-FREQUENCY RANGE TO ASSESS IN ORDER TO FIND THE (01) AND (10) 
RESPONSES IN THE SPATIAL-FREQUENCY VS ANGLE PLOT. FOR EACH ANGLE, THE DATA POINTS WERE SUMMED ACROSS 
THIS SPATIAL-FREQUENCY RANGE. HERE, FOR EXAMPLE, ALL DATA POINTS AT 90° WERE SUMMED TOGETHER IN THE 
BAND OF DATA DEFINED BY THE ± 20% VALUES OF THE TOW WIDTH SPATIAL FREQUENCY. .............................. - 219 - 
FIGURE 109: A SIMPLE SKETCH SHOWING HOW A QUADRATIC FIT IS USED WITHIN LAUNCHNDT FOR CALCULATION OF PEAK 
AMPLITUDE WITHIN AN INDIVIDUAL SPOT ON THE SPATIAL FREQUENCY VS. ANGLE PLOT. THE APPLICATION OF THE 
QUADRATIC FIT ALLOWS FOR THE CALCULATION OF THE ANGLE OF THE PEAK AMPLITUDE WITHIN AN INDIVIDUAL SPOT, 
EVEN IF IT IS BETWEEN DATA POINTS, AS SHOWN HERE. THIS PROCESS IS REPEATED FOR BOTH THE (01) AND (10) 
SPOTS, ULTIMATELY HIGHLIGHTING WITH A CIRCLE (ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS), WHERE THE 
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SPATIAL FREQUENCY). THE LARGER THE COMPUTATIONAL BOX, THE BETTER THE ANGULAR RESOLUTION. THE RESULTS 
SHOWN ARE FROM A SIMULATED 2X2 TWILL WEAVE WITH A FIBRE TOW WIDTH OF 2MM; THE COMPUTATIONAL BOXES 
VARY IN SIZE (TOP TO BOTTOM, LEFT TO RIGHT), TWO, FOUR, SIX, EIGHT, TEN AND TWELVE FIBRE TOW WIDTHS. THE 
LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN 
PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS 
OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. .................................................................. - 223 - 
FIGURE 112: THE FULL WIDTH HALF MAXIMUM (FWHM) VALUES, CALCULATED AUTOMATICALLY IN LAUNCHNDT FOR A 
SIMULATED 2X2 TWILL WEAVE, IN TERMS OF ANGLE (TOP) AND SPATIAL FREQUENCY (BOTTOM) ARE PLOTTED AGAINST 
THE COMPUTATIONAL BOX WIDTH (IN TOW WIDTHS). IT IS SHOWN THAT AS THE COMPUTATIONAL BOX IS INCREASED 
THE FWHM DECREASES (I.E. THE PRECISION OF THE SPOTS ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS IMPROVE). .. - 
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FIGURE 113: THE SPACING CALCULATED WITHIN LAUNCHNDT FOR A SIMULATED 2X2 TWILL WEAVE (2MM TOW WIDTH) WITH 
VARYING COMPUTATIONAL BOX SIZES IS PLOTTED AGAINST THE BOX WIDTH (IN TOW WIDTHS). TWO SPACINGS ARE 
CALCULATED FOR THE WARP (S10) AND WEFT (S01) FIBRE TOWS. BOTH SPACINGS SHOULD BE CALCULATED AS 2MM 
HERE AND IT CAN BE SEEN THAT IT IS NOT UNTIL THE BOX WIDTH IS 6.0 FIBRE TOW WIDTHS THAT BOTH S10 AND S01 ARE 
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FIGURE 114: TWO KEY VARIABLES IN AUTOMATIC DETECTION OF WEAVES WITHIN LAUNCHNDT ARE THE GAMMA (ROTATION) 
AND DELTA (DISTORTION) ANGLES. FOR A PRISTINE WEAVE g = 180° AND d = 90°.  SHOWN HERE ARE THE CALCULATED 
GAMMA (TOP) AND DELTA (BOTTOM) ANGLES (FOR A SIMULATED 2X2 TWILL WEAVE, FIBRE TOW WIDTH OF 2MM) AS 
THE COMPUTATIONAL BOX WIDTH INCREASES. WHERE THE BOX WIDTH IS MEASURED IN FIBRE TOW WIDTHS. FOR BOTH 
GAMMA AND DELTA, THE ANGLES ARE CONSIDERED CORRECTLY IDENTIFIED (I.E. WITHIN AN ACCEPTABLE RANGE OF THE 
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FWHM IN BOTH ANGLE AND SPATIAL FREQUENCY. THE FWHM FOR SPATIAL FREQUENCY (Y-AXIS) IS PLOTTED AGAINST 
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CORRELATED, WHEN THE FWHM FOR ANGLES GETS LARGER, SO DOES THE FWHM FOR SPATIAL FREQUENCY. THE 
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RESOLUTION. A SMALL CLEAR SPOT HAS GOOD/HIGH ANGULAR RESOLUTION (NARROWER SPREAD IN BOTH ANGLE AND 
SPATIAL FREQUENCY). FOR A COMPUTATIONAL BOX WHERE WIDTH ¹ HEIGHT THE EFFECT OF THE DIFFERENCE IN 
LENGTHS OF THE SIDES CAN BE SEEN. WHEN THE LONGER SIDE OF THE COMPUTATIONAL BOX IS ORIENTATED IN THE Y-
DIRECTION (90°), THE SPOTS RELATIVE TO THIS ARE NARROW (OF HIGHER RESOLUTION) AND THE WIDER SPOTS CAN BE 
FOUND IN THE X-DIRECTION (0°). THE SMALLER COMPUTATIONAL RECTANGLE RESULTS IN THE SPOTS DETECTED AT 45° 
BEING DISTORTED. THE RESULTS SHOWN ARE FROM A SIMULATED 2X2 TWILL WEAVE WITH A FIBRE TOW WIDTH OF 
2MM; THE COMPUTATIONAL BOXES VARY IN SIZE (TOP TO BOTTOM, LEFT TO RIGHT), 2.0 X 8.0, 8.0 X 2.0, 4.0 X 8.0, 
8.0 X 4.0, 6.0 X 8.0 AND 8.0 X 6.0 (IN FIBRE TOW WIDTHS). THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY 
VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF 
THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE 
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RESOLUTION. A SMALL CLEAR SPOT HAS GOOD/HIGH ANGULAR RESOLUTION (NARROWER SPREAD IN BOTH ANGLE AND 
SPATIAL FREQUENCY). FOR A COMPUTATIONAL BOX WHERE WIDTH ¹ HEIGHT THE EFFECT OF THE DIFFERENCE IN 
LENGTHS OF THE SIDES CAN BE SEEN. WHEN THE LONGER SIDE OF THE COMPUTATIONAL BOX IS ORIENTATED IN THE Y-
DIRECTION (90°), THE SPOTS RELATIVE TO THIS ARE NARROW (OF HIGHER RESOLUTION) AND THE WIDER SPOTS CAN BE 
FOUND IN THE X-DIRECTION (0°). THE SMALLER COMPUTATIONAL RECTANGLE RESULTS IN THE SPOTS DETECTED AT 45° 
BEING DISTORTED. THE RESULTS SHOWN ARE FROM A SIMULATED 2X2 TWILL WEAVE WITH A FIBRE TOW WIDTH OF 
2MM; THE COMPUTATIONAL BOXES VARY IN SIZE (TOP TO BOTTOM, LEFT TO RIGHT), 2.0 X 10.0, 10.0 X 2.0, 4.0 X 
10.0, 10.0 X 4.0, 6.0 X 10.0 AND 10.0 X 6.0 (IN FIBRE TOW WIDTHS). THE LINE PLOTS AT THE TOP OF THE SPATIAL 
FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, 
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FIGURE 118: THE SIZE OF THE SPOTS ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS CAN BE DEFINED AS ANGULAR 
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SPATIAL FREQUENCY). FOR A COMPUTATIONAL BOX WHERE WIDTH ¹ HEIGHT THE EFFECT OF THE DIFFERENCE IN 
LENGTHS OF THE SIDES CAN BE SEEN. WHEN THE LONGER SIDE OF THE COMPUTATIONAL BOX IS ORIENTATED IN THE Y-
DIRECTION (90°), THE SPOTS RELATIVE TO THIS ARE NARROW (OF HIGHER RESOLUTION) AND THE WIDER SPOTS CAN BE 
FOUND IN THE X-DIRECTION (0°). THE SMALLER COMPUTATIONAL RECTANGLE RESULTS IN THE SPOTS DETECTED AT 45° 
BEING DISTORTED. THE RESULTS SHOWN ARE FROM A SIMULATED 2X2 TWILL WEAVE WITH A FIBRE TOW WIDTH OF 
2MM; THE COMPUTATIONAL BOXES VARY IN SIZE (TOP TO BOTTOM, LEFT TO RIGHT), 2.0 X 12.0, 12.0 X 2.0, 4.0 X 
12.0, 12.0 X 4.0, 6.0 X 12.0 AND 12.0 X 6.0 (IN FIBRE TOW WIDTHS). THE LINE PLOTS AT THE TOP OF THE SPATIAL 
FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
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FIGURE 119: IN ORDER TO BETTER COMPARE THE COMPUTATIONAL BOXES WHEN WIDTH ¹ HEIGHT THE RATIO OF WIDTH TO 
HEIGHT HAS BEEN CALCULATED AND A LOGARITHMIC SCALE HAS BEEN USED, WHICH ALLOWS FOR THE EFFECTIVE 
GROUPING OF THOSE WITH SMALL RATIOS (<1.00 ON THE GRAPH) AND THOSE WITH LARGE RATIOS (>1.00 ON THE 
GRAPH) (X-AXIS). A LARGE RATIO INDICATES A SMALL HEIGHT. HERE, IT IS COMPARED AGAINST THE FULL WIDTH HALF 
MAXIMUM (FWHM) FOR ANGLE OF (01) AND (10) (TOP) AND SPATIAL FREQUENCY OF (01) AND (10) (BOTTOM). 
WITH REGARDS TO THE FWHM (°) THERE CAN BE SEEN TO BE A DECREASING TREND FOR (10) WHILST AN INCREASING 
TREND FOR (01). AT THE SMALL RATIO END OF THE GRAPH, THERE IS A HIGH FWHM (°) FOR (10), WHILST THE 
LARGEST RATIOS RESULT IN A HIGH FWHM (°) FOR (01). THIS DISCREPANCY BETWEEN (01) AND (10) IS DUE TO THE 
EFFECT OF THE LONGEST SIDE OF THE RECTANGLE. THE ORIENTATION OF THE LARGEST SIDE RESULTS IN A SMALL FWHM 
(°), IN THAT DIRECTION. FOR EXAMPLE, IF THE LARGEST SIDE IS ORIENTATED AT 0° (THE (01) DIRECTION) THE FWHM 
(°) FOR (10) WILL BE SMALL. THERE IS A GROUPING AROUND THE MIDDLE OF THE GRAPH, WHERE THE FWHM (°) FOR 
BOTH (01) AND (10) ARE SIMILAR; THIS IS THE RESULT OF THE RECTANGLES WHERE THERE IS LITTLE DIFFERENCE 
BETWEEN THE HEIGHT AND WIDTH. WHEN FOCUSING ON THE FWHM (/MM), A DIFFERENT TREND IS SEEN. FIRSTLY, 
THE RESULTS FOR BOTH (01) AND (10) CAN BE SEEN TO SHOW GOOD CORRELATION TO ONE ANOTHER. THIS WOULD 
INDICATE THAT A RECTANGULAR BOX (WHERE HEIGHT ¹ WIDTH) DOES NOT HAVE AN EFFECT ON THE FWHM (/MM) IN 
THE SAME WAY AS FOR THE FWHM (°). HOWEVER, IT CAN BE SEEN THAT THE GRAPH IS A ‘U’ SHAPE WHERE THE LOW 
AND HIGH RATIO EXTREMES CAUSE LARGE FWHM (/MM). THIS WOULD INDICATE THAT THE RATIOS WHERE THERE IS 
LITTLE DIFFERENCE BETWEEN WIDTH AND HEIGHT PRODUCE SMALLER FWHM (/MM). THIS COULD INDICATE THAT THE 
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FWHM (/MM) IS MORE EFFECTED BY THE RECTANGLE AREA RATHER THAN THE DIMENSIONS OF THE HEIGHT AND 
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AND (10), AGAINST THE AREA OF THE RECTANGULAR COMPUTATIONAL BOXES (MM2) IS SHOWN HERE. A DISTINCT 
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CONFIRMS THE ANALYSIS OF THE SQUARE COMPUTATIONAL BOXES. THE RESULTS SHOWN HERE ARE FROM THE ANALYSIS 
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FIGURE 121: THE SPACING OF BOTH (01) AND (10) (S01 AND S10 RESPECTIVELY) ARE PLOTTED AGAINST THE RATIO OF WIDTH 
TO HEIGHT FOR THE COMPUTATIONAL BOXES (ON THE SIMULATED 2X2 TWILL WEAVE WITH FIBRE TWO WIDTH OF 
2MM). THE SPACING SHOULD BE 2MM FOR THIS SIMULATED WEAVE BUT IT CAN BE SEEN HERE THAT SMALL RATION AND 
LARGE RATIOS DO NOT RESULT IN THE CORRECTION IDENTIFICATION OF BOTH S01 AND S10. (NOTE: A LOGARITHMIC 
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MAXIMUM (FOR ANGLE); FOR BOTH (01) AND (10). DATA IS TAKEN FROM SIMULATED 2X2 TWILL WEAVE WITH FIBRE 
TOW WIDTH OF 2MM WITH RECTANGULAR COMPUTATIONAL BOXES. THERE IS NO CLEAR TREND BUT THE RESULTS FOR 
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FIGURE 123: TWO KEY VARIABLES IN AUTOMATIC DETECTION OF WEAVES WITHIN LAUNCHNDT ARE THE GAMMA (ROTATION) 
AND DELTA (DISTORTION) ANGLES. FOR A PRISTINE WEAVE g = 180° AND d = 90°.  SHOWN HERE ARE THE CALCULATED 
GAMMA (LEFT) AND DELTA (RIGHT) ANGLES (FOR A SIMULATED 2X2 TWILL WEAVE, FIBRE TOW WIDTH OF 2MM) AS THE 
RATIO OF THE COMPUTATIONAL RECTANGULAR BOX’S WIDTH TO HEIGHT INCREASES. THE ANGLES ARE NOT BOTH 
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TERMS OF TOW WIDTH) AND FROM TOP TO BOTTOM, LEFT TO RIGHT ARE 0.05, 0.10, 0.15, 0.20, 0.25 AND 0.30. 
THE IMMEDIATE DIFFERENCE IS OBVIOUS WITHIN THE C-SCAN IMAGES; DESPITE ALL REPRESENTING THE SAME 2X2 
TWILL WEAVE, THE DEPICTION OF THIS IS DIFFERENT AS THE PIXEL SIZE IS CHANGED. EFFECTIVELY, THE FULL WEAVE 
CANNOT BE IMAGED WITH A PIXEL SIZE GREATER THAN 0.3 OF A FIBRE-TOW WIDTH DUE TO ‘ALIASING’; THERE ARE NOT 
ENOUGH PIXELS TO DEFINE A SINGLE TOW. IT CAN ALSO BE SEEN THAT THE CHANGE IN PIXEL SIZE HAS AN EFFECT ON THE 
SPATIAL-FREQUENCY RANGE THAT IS AVAILABLE FROM THE FFT THAT IS PERFORMED ON THE RADON TRANSFORM 
(‘4.2.2.2 SPATIAL FREQUENCY FROM A RADON TRANSFORM’), WITH THE FUNDAMENTAL SPATIAL FREQUENCY OF 0.5 
GRADUALLY MOVING TO THE TOP OF THE SCALE AS THE PIXEL SIZE IS INCREASED. THE LINE PLOTS AT THE TOP OF THE 
SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN 
AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE 
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FIGURE 125: THE FULL WIDTH HALF MAXIMUM (FWHM) VALUES, CALCULATED AUTOMATICALLY IN LAUNCHNDT FOR A 
SIMULATED 2X2 TWILL WEAVE (WITH SQUARE COMPUTATIONAL BOXES), IN TERMS OF ANGLE (TOP) AND SPATIAL 
FREQUENCY (BOTTOM) ARE PLOTTED AGAINST THE PIXEL WIDTH (IN TOW WIDTHS). AS THE PIXEL SIZE INCREASES, THE 
NUMBER OF PIXELS WITHIN THE COMPUTATIONAL BOX WILL DECREASE AND THEREFORE, IT WOULD SUBSEQUENTLY BE 
EXPECTED THAT AS THE WIDTH OF THE PIXEL DECREASES (AND MORE PIXELS CAN BE SEEN WITHIN THE COMPUTATIONAL 
BOX) THE FWHM WILL DECREASE. HOWEVER, THIS IS NOT SEEN TO BE HAPPENING IN THE LEFT HAND IMAGE FOR 
FWHM (°) DECREASING AS PIXEL WIDTH INCREASES. THE RIGHT HAND IMAGE SHOWS NO CLEAR TREND IN FWHM 
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FIGURE 126: A SIMPLE SKETCH TO SHOW THE EFFECT OF PIXEL SIZE ON DETERMINATION OF LINES. BY SIMULATING THE 
ORIENTATION OF A PLY WITHIN LAUNCHNDT AT 0°/90° THIS HAPPENS TO FALL IN LINE WITH THE ORIENTATION OF THE 
PIXELS; EFFECTIVELY MEANING THAT THE PRIMARY ANGLES OF 0° (01) AND 90° (10) ARE MORE CLEARLY DEFINED. THE 
LARGER PIXELS (SHOWN ON THE RIGHT HAND SIDE OF THE SKETCH) WILL ONLY RECOGNISE SPOTS AT THEIR CORNERS 
AND WILL NOT PICK UP EXISTING LINES IN-BETWEEN. THEREFORE, AS THE PIXELS GET LARGER, THEY ARE EFFECTIVELY 
LESS SENSITIVE TO ANY VARIATION IN THE LOCATION OF THE TOWS. BECAUSE THE TRUE DISTANCE IS 0°/90° THE 
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FIGURE 127: FOR (01) (TOP) AND (10) (BOTTOM) THE FULL WIDTH HALF MAXIMUM FOR ANGLE AND SPATIAL FREQUENCY 
(FWHM (°) AND FWHM (/MM)) ARE PLOTTED AGAINST THE PIXEL WIDTH (IN TOW WIDTHS) FOR A SIMULATED 2X2 
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FIGURE 128: A SIMULATED 2X2 TWILL WEAVE (WITH FIBRE TOW WIDTH OF 2MM) IS ORIENTATED AT ±15°. THE PIXEL SIZE 
HAS BEEN VARIED (IN TERMS OF TOW WIDTH) AND FROM TOP TO BOTTOM, LEFT TO RIGHT ARE 0.05, 0.10, 0.15, 
0.20, 0.25 AND 0.30. THE IMMEDIATE DIFFERENCE IS OBVIOUS WITHIN THE C-SCAN IMAGES; DESPITE ALL 
REPRESENTING THE SAME 2X2 TWILL WEAVE, THE DEPICTION OF THIS IS DIFFERENT AS THE PIXEL SIZE IS CHANGED. 
EFFECTIVELY, THE FULL WEAVE CANNOT BE IMAGED WITH A PIXEL SIZE GREATER THAN 0.3 OF A FIBRE-TOW WIDTH DUE 
TO ‘ALIASING’; THERE ARE NOT ENOUGH PIXELS TO DEFINE A SINGLE TOW. IT CAN ALSO BE SEEN THAT THE CHANGE IN 
PIXEL SIZE HAS AN EFFECT ON THE SPATIAL-FREQUENCY RANGE THAT IS AVAILABLE FROM THE FFT THAT IS PERFORMED 
ON THE RADON TRANSFORM (‘4.2.2.2 SPATIAL FREQUENCY FROM A RADON TRANSFORM’), WITH THE FUNDAMENTAL 
SPATIAL FREQUENCY OF 0.5 GRADUALLY MOVING TO THE TOP OF THE SCALE AS THE PIXEL SIZE IS INCREASED. THE LINE 
PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN 
PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS 
OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ................................................................. - 245 - 
FIGURE 129: THE FULL WIDTH HALF MAXIMUM (FWHM) VALUES, CALCULATED AUTOMATICALLY IN LAUNCHNDT FOR A 
SIMULATED 2X2 TWILL WEAVE (ORIENTATED AT ±15°), IN TERMS OF ANGLE (TOP) AND SPATIAL FREQUENCY (BOTTOM) 
ARE PLOTTED AGAINST THE PIXEL WIDTH (IN TOW WIDTHS) FOR BOTH (01) AND (10). AS THE PIXEL SIZE INCREASES, THE 
NUMBER OF PIXELS WITHIN THE COMPUTATIONAL BOX WILL DECREASE AND THEREFORE, IT WOULD SUBSEQUENTLY BE 
EXPECTED THAT AS THE WIDTH OF THE PIXEL DECREASES (AND MORE PIXELS CAN BE SEEN WITHIN THE COMPUTATIONAL 
BOX) THE FWHM WILL DECREASE. HOWEVER, THIS IS ONLY SEEN TO HAPPEN FOR THE LARGEST PIXEL SIZE.  THE 
FWHM (/MM) SHOWS AN OVERALL DECREASING TREND AND A MUCH BETTER CORRELATION BETWEEN (01) AND (10); 
APART FROM THE SMALLEST AND THE LARGEST PIXEL WIDTH. .................................................................... - 247 - 
FIGURE 130: FWHM (°) AND FWHM (/MM) RELATIONSHIP FOR FWHM (01) AND FWHM (10), FOR PRISTINE 2X2 TWILL 
WEAVE, ORIENTATED AT ±15°. FOR (01) (TOP) AND (10) (BOTTOM) THE FULL WIDTH HALF MAXIMUM FOR ANGLE 
AND SPATIAL FREQUENCY (FWHM (°) AND FWHM (/MM)) ARE PLOTTED AGAINST THE PIXEL WIDTH (IN TOW 
WIDTHS) FOR A SIMULATED 2X2 TWILL WITH FIBRE TOW WIDTH OF 2MM, ORIENTATED AT ±15°. THE MOST 
DISCREPANCY BETWEEN ANGLE AND SPATIAL FREQUENCY CAN BE SEEN AT EITHER END OF THE GRAPHS; WHEN THE 
PIXELS ARE AT THEIR SMALLEST AND LARGEST. THIS WOULD SEEM TO INDICATE THAT A PIXEL SIZE BETWEEN 0.10 AND 
0.25 (IN TERMS OF TOW WIDTHS) WOULD BE BEST SUITED FOR THE ANALYSIS. ............................................. - 248 - 
FIGURE 131: SAMPLE RSW3 (A 2X2 TWILL WEAVE WITH FIBRE TOW WIDTH OF 2.23MM) HAS BEEN ANALYSED USING 
LAUNCHNDT. FROM TOP TO BOTTOM THE SIZE OF THE COMPUTATIONAL BOX HAS BEEN INCREASED IN TERMS OF FIBRE 
TOW WIDTHS (1.81. 3.63, 5.45, 7.27, 9.09 AND 10.90). THE ANGULAR RESOLUTION OF THE RESULTANT SPOTS ON 
THE SPATIAL FREQUENCY VS. ANGLE PLOTS CAN BE SEEN TO IMPROVE AS THE COMPUTATIONAL BOX GETS LARGER. THE 
LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN 
PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS 
OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ................................................................. - 250 - 
FIGURE 132: THE FULL WIDTH HALF MAXIMUM (FWHM) RESULTS FOR SAMPLE RSW3 ARE PLOTTED AGAINST THE BOX 
WIDTH (IN TERMS OF FIBRE TOW WIDTHS); WITH THE FWHM (°) SEEN TOP AND THE FWHM (/MM) SEEN BOTTOM. IN 
BOTH INSTANCES THE RESULTS FOR (01) AND (10) ARE INCLUDED.  THE FWHM FOR BOTH ANGLE AND SPATIAL 
FREQUENCY CAN BE SEEN TO DECREASE AS THE COMPUTATIONAL BOX INCREASES WHICH IS TO BE EXPECTED. ..... - 252 - 
FIGURE 133: THE FULL WIDTH HALF MAXIMUM (FWHM) FOR ANGLE (X-AXIS) AND FOR SPATIAL FREQUENCY (Y-AXIS) ARE 
PLOTTED FOR (01) AND (10). IT IS SHOWN THAT WHEN THE SPATIAL FREQUENCY FWHM INCREASES, SO DOES THE 
FWHM IN TERMS OF ANGLE. NOTE THAT THE SLOPE IS 0.0075/°MM AND 0.0079/°MM FOR FWHM (01) AND 
FWHM (10) RESPECTIVELY, MEANING THAT THEY ARE WITHIN APPROXIMATELY 95% OF ONE ANOTHER. ......... - 253 - 
FIGURE 134: FOR SAMPLE RSW3 THE SPACING FOR BOTH (01) AND (10) IS KNOWN TO BE 2.23MM. HERE THE RESULTS 
FROM THE ANALYSIS OF RSW3 WITHIN LAUNCHNDT ARE PLOTTED AGAINST THE COMPUTATIONAL BOX WITH (IN 
TERMS OF TOW WIDTH). ALL BUT THE SMALLEST COMPUTATIONAL BOX CORRECTLY IDENTIFY THE SPACING FOR BOTH 
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FIGURE 135: THE GAMMA AND DELTA ANGLES ARE KNOWN TO BE 180° AND 90° FOR A PRISTINE WEAVE (OF WHICH SAMPLE 
RSW3 IS ASSUMED TO BE). THE CALCULATED GAMMA AND DELTA ANGLES FROM THE ANALYSIS OF SAMPLE RSW3 
WITHIN LAUNCHNDT  ARE SHOWN HERE (TOP AND BOTTOM RESPECTIVELY). ALL BUT THE SMALLEST COMPUTATIONAL 
BOX SIZE ENABLE THE NOMINALLY CORRECT CALCULATION OF BOTH THE GAMMA AND DELTA ANGLES. .............. - 255 - 
FIGURE 136: A COMPARISON IS UNDERTAKEN BETWEEN SIMULATED DATA (A 2X2 TWILL WEAVE WITH FIBRE TOW WIDTH OF 
2.23MM) AND SAMPLE RSW3 (A 2X2 TWILL WEAVE WITH FIBRE TOW WIDTH OF 2.23MM). FROM TOP TO BOTTOM; 
FWHM (°) FOR (01), FWHM (/MM) FOR (01), FWHM (°) FOR (10), FWHM (/MM) FOR (10). MOST 
IMPORTANTLY IT CAN BE SEEN FROM ALL FOUR GRAPHS THAT THE DATA CAPTURED FROM THE SIMULATED WEAVE AND 
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FIGURE 137: THE FULL WIDTH HALF MAXIMUM FOR ANGLE (X-AXIS) AND FOR SPATIAL FREQUENCY (Y-AXIS) FOR BOTH (01) 
[TOP] AND (10) [BOTTOM] FOR THE SIMULATED 2X2 TWILL WEAVE AND SAMPLE RSW3 (ALSO A 2X2 TWILL WEAVE) 
ARE COMPARED. THE SLOPES FOR (01) ARE WITHIN 90% OF EACH OTHER, SHOWING GOOD CORRELATION. THE SLOPES 
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FIGURE 138: A CONTOUR PLOT OF BOX WIDTH (IN TERMS OF TOW WIDTHS) VS. PIXEL SIZE (IN TERMS OF TOW WIDTH) FOR THE 
FULL WIDTH HALF MAXIMUM ANGLE FOR (01) FOR A SIMULATED 2X2 TWILL WEAVE. THE SCALE IS DEFINED IN BANDS 
OF TEN AND IS DEFINED BY THE FWHM (°) PRODUCED BY LAUNCHNDT FOLLOWING ANALYSIS. THE SMALLER FWHM 
(°) VALUES INDICATE THE HIGHER PRECISION AND THEREFORE THE RESOLUTION; IT IS THE CLEAR FROM THE CONTOUR 
PLOT THAT WHILST THE SIZE OF THE BOX DOES HAVE AN EFFECT ON THE FWHM (°) THIS SEEMS TO BE INDEPENDENT OF 
PIXEL SIZING. THIS IS WHY THE CONTOUR PLOT CAN BE SEEN TO ROUGHLY HAVE VERTICAL LINES. THERE DOES SEEM TO 
BE AN EXCEPTION AT 0.25 PIXEL SIZE (TOW WIDTHS) WHICH COULD BE DOWN TO THE TOW WIDTH (2MM IN THIS CASE) 
SITTING ON A PIXEL BOUNDARY. .......................................................................................................... - 261 - 
FIGURE 139: A CONTOUR PLOT OF BOX WIDTH (IN TERMS OF TOW WIDTHS) VS. PIXEL SIZE (IN TERMS OF TOW WIDTH) FOR THE 
FULL WIDTH HALF MAXIMUM SPATIAL FREQUENCY FOR (01) FOR A SIMULATED 2X2 TWILL WEAVE. THE SCALE IS 
DEFINED IN BANDS OF TEN AND IS DEFINED BY THE FWHM (/MM) PRODUCED BY LAUNCHNDT FOLLOWING ANALYSIS. 
THE BOX WIDTH HAS A CLEAR IMPACT ON THE FWHM (/MM) BUT THE RESULTS SEEM TO BE INDEPENDENT OF THE 
PIXEL WIDTH. HOWEVER, THE PIXEL SIZE OF 0.25 TOW WIDTHS HAS THE MOST EFFECT (THIS COULD BE DOWN TO THE 
TOW WIDTH (2MM IN THIS CASE) SITTING ON A PIXEL BOUNDARY). ............................................................ - 262 - 
FIGURE 140: CONTOUR PLOTS OF SQUARE BOX SIZE (IN TOW WIDTHS) AND PIXEL SIZE (IN TOW WIDTHS) FOR A SIMULATED 
PRISTINE 2X2 TWILL WEAVE, ROTATED AT ±15°.  THE FULL WIDTH HALF MAXIMUM (FWHM) FOR ANGLE AND 
SPATIAL FREQUENCY SPECIFICALLY FOR (01) ARE SHOWN FWHM (°) [TOP] AND FWHM (/MM) [BOTTOM]. THEY 
SHOW THE SAME PARALLEL LINES SEEN FROM THE DATA OF THE 0°/90°, INDICATING THAT EVEN WITH A ROTATED 
WEAVE (WHICH MEANS THAT THE TWO FUNDAMENTAL ANGLES OF (01) AND (10) ARE NO LONGER IN LINE WITH THE 
PIXELS) THE FWHM FOR BOTH ANGLE AND SPATIAL FREQUENCY ARE INDEPENDENT OF PIXEL SIZE. ONCE AGAIN, THE 
SLIGHT DISCREPANCY IS WITH PIXEL SIZE 0.25 (IN FIBRE TOW WIDTHS). ....................................................... - 264 - 
FIGURE 141: A SIMULATED 2X2 TWILL WEAVE (FIBRE TOW WIDTH OF 2MM) WITH IN-PLANE WAVINESS HAS BEEN ANALYSED 
WITHIN LAUNCHNDT. SIX SPATIAL FREQUENCY VS. ANGLE PLOTS ARE SHOWN HERE, PRODUCED AS A RESULT OF THE 
VARIATION IN COMPUTATIONAL BOX SIZE (IN FIBRE TOW WIDTHS). THE BOXES ARE 2.0, 4.0, 6.0, 8.0, 10.0 AND 12.0 
IN TERMS OF FIBRE TOW WIDTHS. AS THE BOX SIZE INCREASES, THE SPOTS ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS 
BECOME MORE PRECISE. THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE 
REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE 
HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. - 269 
- 
FIGURE 142: FOR THE SIMULATED IN-PLANE WAVINESS IN THE 2X2 TWILL WEAVE THE GAMMA AND DELTA VALUES ARE 
PREDICTED TO BE 147.9° AND 122.1° RESPECTIVELY. HERE THEIR CALCULATED VALUES FROM LAUNCHNDT ARE 
PLOTTED AGAINST THE COMPUTATIONAL BOX SIZE (IN TERMS OF FIBRE TOW WIDTH). FOR THE GAMMA ANGLE (LEFT) 
ONLY THE SMALLEST SIZE OF COMPUTATIONAL BOX YIELDS THE PREDICTED VALUE; FOR THE DELTA ANGLE (RIGHT) NONE 
OF THE COMPUTATIONAL BOX SIZES YIELD THE PREDICTED VALUE (ALTHOUGH THE SMALLEST TWO BOX SIZES GIVE THE 
RESULTS CLOSEST TO THE PREDICTED). .................................................................................................. - 271 - 
FIGURE 143: A SIMULATED 2X2 TWILL WEAVE (FIBRE TOW WIDTH OF 2MM) WITH IN-PLANE WAVINESS HAS BEEN ANALYSED 
WITH A VARIETY OF COMPUTATIONAL BOX SIZES WHERE WIDTH ¹ HEIGHT. FROM TOP TO BOTTOM, STARTING AT TOP 
LEFT THE COMPUTATIONAL BOXES MEASURE 2.0 X 8.0, 8.0 X 2.0, 4.0 X 8.0, 8.0 X 4.0, 6.0 X 8.0 AND 8.0 X 6.0 (IN 
FIBRE TOW WIDTHS). IT IS POSSIBLE THAT THE TRADE-OFF BETWEEN SMALL BOX SIZE REQUIRED FOR HIGH ACCURACY IN 
MEASURING THE (01) ANGLE IN THE WAVINESS AND LARGE BOX SIZE REQUIRED FOR HIGH PRECISION COULD BE 
ACCOMPLISHED BETTER BY USING A RECTANGULAR BOX WHERE THE OPTIMUM WIDTH AND HEIGHT ARE DETERMINED 
AGAINST DIFFERENT CRITERIA. THE PRECISION CAB BE SEEN TO IMPROVE AS THE BOX HEIGHT INCREASES. THE LINE PLOTS 
AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE 
PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE 
SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ............................................................................ - 272 - 
FIGURE 144: A SIMULATED 2X2 TWILL WEAVE (FIBRE TOW WIDTH OF 2MM) WITH IN-PLANE WAVINESS HAS BEEN ANALYSED 
WITH A VARIETY OF COMPUTATIONAL BOX SIZES WHERE WIDTH ¹ HEIGHT. FROM TOP TO BOTTOM, STARTING AT TOP 
LEFT THE COMPUTATIONAL BOXES MEASURE 2.0 X 10.0, 10.0 X 2.0, 4.0 X 10.0, 10.0 X 4.0, 6.0 X 10.0 AND 10.0 X 
6.0 (IN FIBRE TOW WIDTHS). IT IS POSSIBLE THAT THE TRADE-OFF BETWEEN SMALL BOX SIZE REQUIRED FOR HIGH 
ACCURACY IN MEASURING THE (01) ANGLE IN THE WAVINESS AND LARGE BOX SIZE REQUIRED FOR HIGH PRECISION 
COULD BE ACCOMPLISHED BETTER BY USING A RECTANGULAR BOX WHERE THE OPTIMUM WIDTH AND HEIGHT ARE 
DETERMINED AGAINST DIFFERENT CRITERIA. THE PRECISION CAB BE SEEN TO IMPROVE AS THE BOX HEIGHT INCREASES. 
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THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE 
MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE 
BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ................................................ - 273 - 
FIGURE 145: A SIMULATED 2X2 TWILL WEAVE (FIBRE TOW WIDTH OF 2MM) WITH IN-PLANE WAVINESS HAS BEEN ANALYSED 
WITH A VARIETY OF COMPUTATIONAL BOX SIZES WHERE WIDTH ¹ HEIGHT. FROM TOP TO BOTTOM, STARTING AT TOP 
LEFT THE COMPUTATIONAL BOXES MEASURE 2.0 X 12.0, 12.0 X 2.0, 4.0 X 12.0, 12.0 X 4.0, 6.0 X 12.0 AND 12.0 X 
6.0 (IN FIBRE TOW WIDTHS). IT IS POSSIBLE THAT THE TRADE-OFF BETWEEN SMALL BOX SIZE REQUIRED FOR HIGH 
ACCURACY IN MEASURING THE (01) ANGLE IN THE WAVINESS AND LARGE BOX SIZE REQUIRED FOR HIGH PRECISION 
COULD BE ACCOMPLISHED BETTER BY USING A RECTANGULAR BOX WHERE THE OPTIMUM WIDTH AND HEIGHT ARE 
DETERMINED AGAINST DIFFERENT CRITERIA. THE PRECISION CAB BE SEEN TO IMPROVE AS THE BOX HEIGHT INCREASES. 
THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE 
MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE 
BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ................................................ - 274 - 
FIGURE 146: FOR THE SIMULATED IN-PLANE WAVINESS IN THE 2X2 TWILL WEAVE THE GAMMA (TOP) AND DELTA (BOTTOM) 
VALUES ARE PREDICTED TO BE 147.9° AND 122.1° RESPECTIVELY. HERE THEIR CALCULATED VALUES FROM 
LAUNCHNDT ARE PLOTTED AGAINST THE RATIO OF THE WIDTH TO HEIGHT (IN FIBRE TOW WIDTHS) OF THE 
COMPUTATIONAL BOX SIZES WHEN WIDTH ¹ HEIGHT. THE VALUES OF GAMMA AND DELTA CALCULATED FROM 
LAUNCHNDT ARE CLOSEST TO THE PREDICTED VALUE AT EITHER END OF THE RATIO SPECTRUM (I.E. WHEN THE RATIO OF 
RECTANGLE WIDTH TO HEIGHT IS EITHER SMALL OR LARGE). THIS INDICATES THAT THE CORRECT IDENTIFICATION 
HAPPENS WHEN THE WIDTH IS FURTHEST FROM THE HEIGHT. IN THIS INSTANCE THE RECTANGLES 2.0 X 12.0 AND 12.0 
X 2.0. HOWEVER, BOTH OF THESE RECTANGLES RESULT IN THE INCORRECT IDENTIFICATION OF THE WEAVE. THE VALUES 
SEEN AT RATIO OF 2.0, 2.5 AND 3.0 CAN BE SAID TO BE THE CLOSEST TO THE PREDICTED VALUES OF GAMMA AND DELTA 
WHILST ALSO ENSURING CORRECT IDENTIFICATION OF THE WEAVE; THESE EQUATE TO THE RECTANGLES OF 4.0 X 8.0, 
6.0 X 12.0, 4.0 X 10.0 AND 4.0 X 12.0. ............................................................................................ - 276 - 
FIGURE 147: A CONTOUR PLOT IS SHOWN FOR THE COMPUTATIONAL BOX WIDTH (IN TERMS OF FIBRE TOW WIDTHS) AND THE 
PIXEL WIDTH (IN TERMS OF FIBRE TOW WIDTH) WITH THE SERIES DEFINED AS THE DIFFERENCE BETWEEN THE PREDICTED 
DELTA VALUE (122.1°) AND THE VALUE OUTPUT FROM LAUNCHNDT DURING THE ANALYSIS OF A SIMULATED 2X2 
TWILL WEAVE (FIBRE TOW WIDTH OF 2MM) WITH IN-PLANE WAVINESS. THE PLOT SHOWS THAT THE MOST ACCURATE IS 
THE 2.0 BOX FOR ANY OF THE PIXEL SIZES AND THE LEAST ACCURATE ARE BOX SIZES ABOVE 8.0 FIBRE TOWS. HOWEVER, 
THIS IS A SLIGHTLY SIMPLISTIC VIEW AND SHOULD BE VIEWED WITH TABLE 32. ............................................. - 278 - 
FIGURE 148: SAMPLE RSW1 (PLAIN WEAVE WITH FIBRE TOW WIDTH OF 3.3MM) WAS SCANNED WITH A 5MHZ ULTRASONIC 
PROBE AND THE DATA FROM THE FRONT SURFACE IS PRESENTED HERE. THE AUTOMATED WEAVE CLASSIFICATION IS 
SHOWN TOP LEFT; CORRECTLY IDENTIFYING SAMPLE RSW1 AS A PLAIN WEAVE. THE WEAVE CLASSIFIER GIVES A WEAVE 
TYPE, DETAILS SUCH AS WHETHER THE TWILL WEAVE IS A 2X2 OR A 3X3 AND FINALLY A CLASSIFICATION FACTOR. THE 
HIGHEST NUMBER GIVEN FOR THE CLASSIFICATION FACTOR INDICATES THAT THIS IS THE SUGGESTED WEAVE.  THE 
SPATIAL FREQUENCY VS. ANGLE PLOT IS PRESENTED AT THE BOTTOM AND THE FRONT SURFACE C-SCAN IS PRESENTED 
TOP RIGHT. THE C-SCAN ALSO INCORPORATES THE CORRESPONDING B-SCAN AT THE SAME LOCATION (INDICATED BY 
THE CROSS HAIRS); WHERE THE B-SCAN IS THE STRIP AT THE TOP OF THE C-SCAN. THE LINE PLOT AT THE TOP OF THE 
SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT 
THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE 
PEAK, THE BRIGHTER THE SPOT. .......................................................................................................... - 284 - 
FIGURE 149: A COMPARISON IS SHOWN HERE OF A SIMULATED PLAIN WEAVE WITH FIBRE TOW WIDTH OF 3.3MM (TOP ROW) 
AND THE FRONT SURFACE DATA OF SAMPLE RSW1, ALSO A PLAIN WEAVE WITH FIBRE TOW WIDTH OF 3.3MM (BOTTOM 
ROW). IT CAN BE SEEN THAT IN BOTH INSTANCES THE WEAVES ARE CORRECTLY IDENTIFIED AS PLAIN WEAVES, IN THE 
AUTOMATED WEAVE CLASSIFIER (LEFT HAND SIDE). IT SHOULD BE NOTED THAT FOR THE SPACING CALCULATION (SHOWN 
AS S01 AND S10 UNDERNEATH THE SPATIAL FREQUENCY VS. ANGLE PLOTS) THE SIMULATED WEAVE IDENTIFIES BOTH 
SPACINGS AS 3.3MM, BUT THE RESULTS FROM SAMPLE RSW1 ARE 3.2MM. THE LINE PLOTS AT THE TOP OF THE 
SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN 
AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE 
PEAK, THE BRIGHTER THE SPOT. .......................................................................................................... - 286 - 
FIGURE 150: SAMPLE RSW3 (2X2 TWILL WEAVE WITH FIBRE TOW WIDTH OF 2.23MM) WAS SCANNED WITH A 5MHZ 
ULTRASONIC PROBE AND THE DATA FROM THE FRONT SURFACE IS PRESENTED HERE. THE AUTOMATED WEAVE 
CLASSIFICATION IS SHOWN LEFT; CORRECTLY IDENTIFYING SAMPLE RSW3 AS A 2X2 TWILL WEAVE. THE SPATIAL 
FREQUENCY VS. ANGLE PLOT IS PRESENTED IN THE MIDDLE AND THE FRONT SURFACE C-SCAN IS PRESENTED RIGHT. THE 
LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN 
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PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS 
OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. .................................................................. - 287 - 
FIGURE 151: A COMPARISON IS SHOWN HERE OF A SIMULATED 2X2 TWILL WEAVE WITH FIBRE TOW WIDTH OF 2.23MM (TOP 
ROW) AND THE FRONT SURFACE DATA OF SAMPLE RSW3, ALSO A 2X2 TWILL WEAVE WITH FIBRE TOW WIDTH OF 
2.23MM (BOTTOM ROW). IT CAN BE SEEN THAT IN BOTH INSTANCES THE WEAVES ARE CORRECTLY IDENTIFIED AS 2X2 
TWILL WEAVES, IN THE AUTOMATED WEAVE CLASSIFIER (LEFT HAND SIDE). THE LINE PLOTS AT THE TOP OF THE SPATIAL 
FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, 
THE BRIGHTER THE SPOT. ................................................................................................................... - 288 - 
FIGURE 152: SAMPLE RSW5 (FIVE-HARNESS SATIN, OFFSET TWO WEAVE WITH FIBRE TOW WIDTH OF 3.6MM) WAS SCANNED 
WITH A 5MHZ ULTRASONIC PROBE AND THE DATA FROM THE FRONT SURFACE IS PRESENTED HERE. THE AUTOMATED 
WEAVE CLASSIFICATION IS SHOWN LEFT; CORRECTLY IDENTIFYING SAMPLE RSW5 AS A FIVE-HARNESS SATIN, OFFSET 
TWO WEAVE. THE SPATIAL FREQUENCY VS. ANGLE PLOT IS PRESENTED IN THE MIDDLE AND THE FRONT SURFACE C-SCAN 
IS PRESENTED RIGHT. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF 
THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ............................ - 289 - 
FIGURE 153: A COMPARISON IS SHOWN HERE OF A SIMULATED FIVE-HARNESS SATIN, OFFSET TWO WEAVE WITH FIBRE TOW 
WIDTH OF 3.6MM (TOP ROW) AND THE FRONT SURFACE DATA OF SAMPLE RSW3, ALSO A FIVE-HARNESS SATIN, OFFSET 
TWO WEAVE WITH FIBRE TOW WIDTH OF 3.6MM (BOTTOM ROW). IT CAN BE SEEN THAT IN BOTH INSTANCES THE 
WEAVES ARE CORRECTLY IDENTIFIED AS FIVE HARNESS SATIN, OFFSET TWO WEAVES IN THE AUTOMATED WEAVE 
CLASSIFIER (LEFT HAND SIDE). THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE 
REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE 
HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. - 290 
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FIGURE 154: FROM TOP TO BOTTOM THE SIMULATED WEAVES SHOWN HERE ARE AS FOLLOWS; FIVE-HARNESS SATIN, OFFSET 
TWO AT 0°, FIVE-HARNESS SATIN, OFFSET TWO AT 90°, FIVE-HARNESS SATIN, OFFSET TWO AT 0° REFLECTED IN THE 
VERTICAL PLANE AND FIBRE-HARNESS SATIN, OFFSET TWO AT 90° REFLECTED IN THE VERTICAL PLANE. IT IS THE RESULTS 
SHOWN IN THE AUTOMATED WEAVE CLASSIFIER WHICH ARE OF INTEREST HERE (SHOWN ON THE LEFT HAND SIDE), FROM 
TOP TO BOTTOM AS FOLLOWS; ‘+5 HARNESS OFFSET 2’, ‘-5 HARNESS OFFSET 2’, ‘+ 5 HARNESS, OFFSET 3’ & ‘-5 
HARNESS OFFSET 3’.  THIS EFFECTIVELY MEANS THAT DESPITE THE SAME WEAVE BEING SIMULATED, DEPENDING IN ITS 
ORIENTATION, IT CAN BE IDENTIFIED AS ONE OF FOUR WEAVE OPTIONS. FOR THE PURPOSES OF THE ANALYSIS HERE, ALL 
OF THE FOLLOWING CASES WILL BE REGARDED AS IDENTICAL: ‘+5 HARNESS OFFSET 2’, ‘-5 HARNESS OFFSET 2’, ‘+ 5 
HARNESS, OFFSET 3’ AND ‘-5 HARNESS OFFSET 3’. THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE 
PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS 
AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE 
SPOT. ............................................................................................................................................. - 292 - 
FIGURE 155: SOME RESULTS FROM THE ANALYSIS OF SAMPLE SA ARE SHOWN HERE. SAMPLE SA CONTAINS PLIES OF THREE 
DIFFERENT MATERIALS, WITH THREE DIFFERENT FIBRE TOW WIDTHS AND PLY SPACINGS; HERE THE FIVE-HARNESS SATIN, 
OFFSET TWO (WITH 6K FIBRE TOWS) WEAVE IS ANALYSED FOLLOWING INVESTIGATION WITH A 5MHZ ULTRASONIC 
PROBE. FROM TOP TO BOTTOM THE ANALYSIS SHOWS THE RESULTS FROM A SINGLE PLY AT 0°/90° (AT THE TOP OF THE 
SAMPLE), A SINGLE ±45° PLY (IN THE MIDDLE OF THE SAMPLE) AND A SINGLE ±45° PLY (AT THE BOTTOM OF THE 
SAMPLE). FOCUSING ON THE AUTOMATED WEAVE CLASSIFICATION (ON THE LEFT HAND SIDE) THE TOP AND MIDDLE 
ANALYSIS SHOWS CORRECTED IDENTIFICATION OF THE WEAVE, WHILST THE BOTTOM (I.E. THE DEEPEST THROUGH DEPTH 
OF THE SAMPLE) SHOWS INCORRECT IDENTIFICATION OF THE WEAVE. THE LINE PLOTS AT THE TOP OF THE SPATIAL 
FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, 
THE BRIGHTER THE SPOT. ................................................................................................................... - 296 - 
FIGURE 156: SOME RESULTS FROM THE ANALYSIS OF SAMPLE SA ARE SHOWN HERE. SAMPLE SA CONTAINS PLIES OF THREE 
DIFFERENT MATERIALS, WITH THREE DIFFERENT FIBRE TOW WIDTHS AND PLY SPACINGS; HERE THE 2X2 TWILL WEAVE IS 
ANALYSED FOLLOWING INVESTIGATION WITH A 7.5MHZ ULTRASONIC PROBE. FROM TOP TO BOTTOM THE ANALYSIS 
SHOWS THE RESULTS FROM A SINGLE PLY AT 0°/90° (AT THE TOP OF THE SAMPLE), A SINGLE ±45° PLY (IN THE MIDDLE 
OF THE SAMPLE) AND A SINGLE 0°/90°  PLY (AT THE BOTTOM OF THE SAMPLE). FOCUSING ON THE AUTOMATED WEAVE 
CLASSIFICATION (ON THE LEFT HAND SIDE) THE TOP AND MIDDLE ANALYSIS SHOWS CORRECTED IDENTIFICATION OF THE 
WEAVE, WHILST THE BOTTOM (I.E. THE DEEPEST THROUGH DEPTH OF THE SAMPLE) SHOWS INCORRECT IDENTIFICATION 
OF THE WEAVE. THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE 
SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ............................ - 298 - 
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FIGURE 157: SOME RESULTS FROM THE ANALYSIS OF SAMPLE SA ARE SHOWN HERE. SAMPLE SA CONTAINS PLIES OF THREE 
DIFFERENT MATERIALS, WITH THREE DIFFERENT FIBRE TOW WIDTHS AND PLY SPACINGS; HERE THE FIVE-HARNESS SATIN, 
OFFSET TWO WEAVE (12K FIBRE TOWS) IS ANALYSED FOLLOWING INVESTIGATION WITH A 5MHZ ULTRASONIC PROBE. 
FROM TOP TO BOTTOM THE ANALYSIS SHOWS THE RESULTS FROM A SINGLE PLY AT 0°/90° (AT THE TOP OF THE 
SAMPLE), A SINGLE 0°/90° PLY (IN THE MIDDLE OF THE SAMPLE) AND A SINGLE ±45° PLY (AT THE BOTTOM OF THE 
SAMPLE). FOCUSING ON THE AUTOMATED WEAVE CLASSIFICATION (ON THE LEFT HAND SIDE) ALL OF THE ANALYSIS AT 
DIFFERENT DEPTHS YIELD IDENTIFICATION OF THE CORRECT WEAVE. THE LINE PLOTS AT THE TOP OF THE SPATIAL 
FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, 
THE BRIGHTER THE SPOT. ................................................................................................................... - 300 - 
FIGURE 158: A SINGLE CARBON FIBRE FIVE-HARNESS SATIN, OFFSET TWO PLY FROM SAMPLE S5 IS SHOWN HERE. SAMPLE S5 
NOT ONLY HAS TWO DIFFERENT WEAVE TYPES BUT THEY ARE OF TWO DIFFERENT MATERIALS (A FIVE HARNESS SATIN, 
OFFSET TWO IN CARBON FIBRE, WITH 1.5MM  FIBRE TOW WIDTH, AND 2X2 TWILL IN GLASS FIBRE, WITH A 2.3MM 
FIBRE TOW WIDTH). A 5MHZ ULTRASONIC PROBE WAS USED IN THIS INSTANCE AND THE ANALYSIS SHOWN HERE IS AT 
0.9MM DEPTH OF THE SAMPLE. THE WEAVE IS IDENTIFIED AS A -FIVE HARNESS, OFFSET THREE BUT THE MINUS SIGN IN 
FRONT OF THE FIVE SUGGESTS THAT IT IS ACTUALLY AN OFFSET TWO WEAVE THAT HAS BEEN FLIPPED OVER. (01) AND 
(10) ARE HIGHLIGHTED AT 40° AND 130°, BUT MUCH STRONGER WEAVE CHARACTERISTIC SIGNALS EXIST AT 65° AND 
155°, AS IS OFTEN THE CASE WITH A SATIN WEAVE. THE LINE PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE 
PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND 
THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. . - 
302 - 
FIGURE 159: A SINGLE 2X2 TWILL PLY FROM SAMPLE S5 IS SHOWN HERE. SAMPLE S5 NOT ONLY HAS TWO DIFFERENT WEAVE 
TYPES BUT THEY ARE OF TWO DIFFERENT MATERIALS (A FIVE HARNESS SATIN, OFFSET TWO IN CARBON FIBRE, WITH 
1.5MM  FIBRE TOW WIDTH, AND 2X2 TWILL IN GLASS FIBRE, WITH A 2.3MM FIBRE TOW WIDTH). A 5MHZ ULTRASONIC 
PROBE WAS USED IN THIS INSTANCE. THE WEAVE IS IDENTIFIED INCORRECTLY AS A PLAIN WEAVE, BUT NOTE THAT IT IS 
DIFFICULT TO TELL THE DIFFERENCE BETWEEN A PLAIN WEAVE AND A 2X2 TWILL WEAVE BUT THE STRONG RESPONSE AT 
(½ ½) INDICATES THAT A 2X2 TWILL IS HIGHLY LIKELY. IT SHOULD BE NOTED THAT THE ANALYSIS SEEMS TO INDICATE 
THAT THE PLY IS ROTATED TO A GAMMA ANGLE OF +20° WHICH IS NOT KNOWN TO BE THE DESIGNED ANGLE. THE LINE 
PLOT AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOT IS REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. 
THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF 
THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ...................................................................... - 303 - 
FIGURE 160: RESULTS FROM THE ANALYSIS OF THE UNI-DIRECTIONAL PLIES PRESENT IN SAMPLE S5 ARE SHOWN HERE; THE 
RADON TRANSFORM (LEFT), STACKING SEQUENCE ANALYSIS (MIDDLE) AND THE C-SCAN OF THE PLY (RIGHT). THE UNI-
DIRECTIONAL PLY IS CONFIRMED BY THE 90° SIGNATURE IN THE RADON TRANSFORM (LEFT) AS WELL AS THE STACKING 
SEQUENCE (MIDDLE). THE THREE PLIES ARE HIGHLIGHTED WITH THE DOTTED SQUARE BOX ON THE STACKING SEQUENCE 
PLOT. ............................................................................................................................................ - 303 - 
FIGURE 161: SAMPLE RSW1 (A PLAIN WEAVE WITH FIBRE TOW WIDTH OF 3.3MM) HAS BEEN ANALYSED HERE THROUGH 
DEPTH; THE FRONT SURFACE (TOP IMAGE), THE MIDDLE OF THE SAMPLE IN TERMS OF DEPTH (MIDDLE IMAGE) AND THE 
BACK SURFACE (BOTTOM IMAGE). THE AUTOMATED WEAVE CLASSIFICATION TO THE LEFT HAND SIDE, SHOWS CORRECT 
IDENTIFICATION OF A PLAIN WEAVE THROUGHOUT THE SAMPLE’S DEPTH. THE SPATIAL FREQUENCY VS. ANGLE PLOTS ALL 
SHOW NO WEAVE CHARACTERISTICS, AS IS EXPECTED FOR A PLAIN WEAVE. THE LINE PLOTS AT THE TOP OF THE SPATIAL 
FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, 
THE BRIGHTER THE SPOT. ................................................................................................................... - 305 - 
FIGURE 162: SAMPLE RSW3 (A 2X2 TWILL WEAVE WITH FIBRE TOW WIDTH OF 2.23MM) HAS BEEN ANALYSED HERE 
THROUGH DEPTH; THE FRONT SURFACE (TOP IMAGE), THE MIDDLE OF THE SAMPLE IN TERMS OF DEPTH (MIDDLE IMAGE) 
AND THE BACK SURFACE (BOTTOM IMAGE). THE AUTOMATED WEAVE CLASSIFICATION TO THE LEFT HAND SIDE, SHOWS 
CORRECT IDENTIFICATION OF A 2X2 TWILL WEAVE AT THE SAMPLES FRONT AND BACK SURFACES; HOWEVER, THE 
ANALYSIS AT THE CENTRE OF THE SAMPLE RESULTS IN A FOUR-HARNESS SATIN, OFFSET ONE WEAVE BEING SUGGESTED. 
THE SPATIAL FREQUENCY VS. ANGLE PLOTS ALL SHOW MATCHING WEAVE CHARACTERISTICS FOR THE FRONT AND BACK 
SURFACES; THE WEAVE CHARACTERISTICS FOR THE CENTRE OF THE SAMPLE ARE DIFFERENT HENCE THE DIFFERENCE IN 
SUGGESTED WEAVE. THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF 
THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ........................... - 308 - 
FIGURE 163: ANALYSIS RESULTS OF RSW5 TAKEN FROM THE FRONT SURFACE (TOP), MIDDLE OF THE SAMPLE (CENTRE) AND 
BACK SURFACE (BOTTOM). SAMPLE RSW5 (A FIVE-HARNESS SATIN, OFFSET TWO WEAVE WITH FIBRE TOW WIDTH OF 
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3.6MM) HAS BEEN ANALYSED HERE THROUGH DEPTH; THE FRONT SURFACE (TOP IMAGE), THE MIDDLE OF THE SAMPLE 
IN TERMS OF DEPTH (MIDDLE IMAGE) AND THE BACK SURFACE (BOTTOM IMAGE). THE AUTOMATED WEAVE 
CLASSIFICATION TO THE LEFT HAND SIDE, SHOWS CORRECT IDENTIFICATION OF A FIVE-HARNESS SATIN, OFFSET TWO 
WEAVE AT THE SAMPLES FRONT AND BACK SURFACES; HOWEVER, THE ANALYSIS AT THE CENTRE OF THE SAMPLE RESULTS 
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THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE 
SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE 
HIGHER THE PEAK, THE BRIGHTER THE SPOT. .......................................................................................... - 310 - 
FIGURE 164: THESE ARE PHOTOGRAPHS OF SAMPLE RSW2 AND THEY ARE DESIGNED TO SHOW THE DIFFERENCE BETWEEN THE 
SURFACES LABELLED ‘SMOOTH’ AND ‘ROUGH’. SAMPLE RSW2 IS A CARBON FIBRE PLAIN WEAVE AND ONE SURFACE 
WAS NOT COVERED IN BACKING, ENSURING THAT IT WAS ROUGH WHEN CURED (THIS IS ALSO TRUE FOR RSW4 AND 
RSW6).  THE TOP TWO IMAGES SHOW SAMPLE RSW2 FROM THE SIDE WHERE THE SMOOTH SURFACE IS PICTURED 
TOP. THE BOTTOM TWO IMAGES SHOW A CLOSE UP OF THE SURFACES; THE SMOOTH SURFACE IS PICTURED LEFT AND 
THE ROUGH SURFACE PICTURED RIGHT. NOTICEABLY THE WEAVE CAN BE CLEARLY SEEN AS THE SMOOTH SURFACE, THIS 
IS LOST AS THE ROUGH SURFACE. ......................................................................................................... - 312 - 
FIGURE 165: SAMPLE RSW2 (A PLAIN WEAVE WITH 3.3MM FIBRE TOW WIDTH) HAS BEEN ANALYSED. SAMPLE RSW2 HAS A 
ROUGH FRONT SURFACE (THE ANALYSIS OF WHICH IS SHOWN TOP) AND A SMOOTH BACK SURFACE (ANALYSIS SHOWN 
BOTTOM). BOTH SURFACES ARE INCORRECTLY IDENTIFIED THROUGH THE AUTOMATED WEAVE CLASSIFICATION SHOWN 
LEFT. THIS IS UNSURPRISING CONSIDERING THE NUMBER OF SPOTS ON THE SPATIAL FREQUENCY VS. ANGLE PLOTS. THE 
LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN 
PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS 
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HAS A ROUGH FRONT SURFACE (THE ANALYSIS OF WHICH IS SHOWN TOP) AND A SMOOTH BACK SURFACE (ANALYSIS 
SHOWN BOTTOM). THE ROUGH FRONT SURFACE HAS BEEN CORRECTLY IDENTIFIED AS A 2X2 TWILL WEAVE THROUGH 
THE AUTOMATED WEAVE CLASSIFICATION SHOWN LEFT. HOWEVER, THE SMOOTH BACK SURFACE HAS BEEN 
INCORRECTLY IDENTIFIED AS A FOUR-HARNESS SATIN, OFFSET ONE. THE LINE PLOTS AT THE TOP OF THE SPATIAL 
FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE 
ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, 
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FIGURE 167: SAMPLE RSW6 (A FIVE-HARNESS SATIN, OFFSET TWO WEAVE WITH 3.6MM FIBRE TOW WIDTH) HAS BEEN 
ANALYSED. SAMPLE RSW6 HAS A ROUGH FRONT SURFACE (THE ANALYSIS OF WHICH IS SHOWN TOP) AND A SMOOTH 
BACK SURFACE (ANALYSIS SHOWN BOTTOM). THE ROUGH FRONT SURFACE HAS BEEN INCORRECTLY IDENTIFIED AS A SIX-
HARNESS SATIN, OFFSET TWO WEAVE THROUGH THE AUTOMATED WEAVE CLASSIFICATION SHOWN LEFT. HOWEVER, THE 
SMOOTH BACK SURFACE HAS BEEN CORRECTLY IDENTIFIED AS A FIVE-HARNESS SATIN, OFFSET TWO. THE LINE PLOTS AT 
THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE 
PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE 
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FIGURE 168: SAMPLE RSW2 (A PLAIN WEAVE WITH 3.3MM FIBRE TOW WIDTH) HAS BEEN ANALYSED. SAMPLE RSW2 HAS A 
ROUGH FRONT SURFACE (THE ANALYSIS OF WHICH IS SHOWN BOTTOM) AND A SMOOTH BACK SURFACE (ANALYSIS 
SHOWN TOP) AND IN THIS INSTANCE HAS BEEN SCANNED UPSIDE DOWN (I.E. THE SMOOTH SURFACE ON TOP). BOTH 
SURFACES ARE CORRECTLY IDENTIFIED THROUGH THE AUTOMATED WEAVE CLASSIFICATION SHOWN LEFT, AS A PLAIN 
WEAVE. THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE SPOTS 
ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS REPRESENT 
THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ........................................... - 317 - 
FIGURE 169: SAMPLE RSW4 (A 2X2 TWILL WEAVE WITH 2.23MM FIBRE TOW WIDTH) HAS BEEN ANALYSED. SAMPLE RSW4 
HAS A ROUGH FRONT SURFACE (THE ANALYSIS OF WHICH IS SHOWN TOP) AND A SMOOTH BACK SURFACE (ANALYSIS 
SHOWN BOTTOM) AND IN THIS INSTANCE HAS BEEN SCANNED UPSIDE DOWN (I.E. THE SMOOTH SURFACE ON TOP). THE 
SMOOTH FRONT SURFACE HAS BEEN CORRECTLY IDENTIFIED AS A 2X2 TWILL WEAVE THROUGH THE AUTOMATED WEAVE 
CLASSIFICATION SHOWN LEFT. HOWEVER, THE ROUGH BACK SURFACE HAS BEEN INCORRECTLY IDENTIFIED AS A SEVEN-
HARNESS SATIN, OFFSET ONE. THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE 
REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE 
HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. - 318 
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FIGURE 170: SAMPLE RSW6 (A FIVE-HARNESS SATIN, OFFSET TWO WEAVE WITH 3.6MM FIBRE TOW WIDTH) HAS BEEN 
ANALYSED. SAMPLE RSW6 HAS A ROUGH FRONT SURFACE (THE ANALYSIS OF WHICH IS SHOWN TOP) AND A SMOOTH 
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BACK SURFACE (ANALYSIS SHOWN BOTTOM) AND IN THIS INSTANCE HAS BEEN SCANNED UPSIDE DOWN (I.E. THE 
SMOOTH SURFACE ON TOP). BOTH SURFACES HAVE BEEN INCORRECTLY IDENTIFIED THROUGH THE AUTOMATED WEAVE 
CLASSIFICATION SHOWN LEFT. THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE 
REPRESENTATIVE OF THE SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE 
HEIGHT OF THE PEAKS REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. - 319 
- 
FIGURE 171: A 2D SKETCH OF A SINGLE PLY, WHICH HAS BEEN MANIPULATED IN THE Y-DIRECTION (I.E. THE WARP TOWS) TO 
REPRESENT SHEAR DISTORTION WITHIN A WEAVE. DUE TO THE INTERCONNECTIVITY OF A WOVEN FABRIC, THE WEFT 
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FIGURE 172: SAMPLE SB, WHICH WAS MANUFACTURED WITH IN-PLANE SHEAR, HAS BEEN ANALYSED WITH A 5MHZ 
ULTRASONIC PROBE. TWO SETS OF RESULTS ARE SHOWN HERE, THE DIFFERENCE BEING IN THE SIZE OF THE 
COMPUTATIONAL BOX SIZE. SHOWN TOP IS A BOX OF 8.0 FIBRE TOW WIDTHS AND SHOWN BOTTOM IS A BOX DRAWN 
TO FOCUS ON THE MAXIMUM DISTORTION ANGLE (NOTE: THIS BOX CAN ONLY BE DRAWN AS A RESULT OF THE C-SCAN 
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OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ................................................................. - 323 - 
FIGURE 173: PHOTOGRAPHS WERE TAKEN DURING THE BUILD OF SAMPLE SB AND THIS SHOWS THE 3RD PLY DOWN FROM THE 
SCANNING SIDE. THE IN-PLANE SHEAR CAN BE SEEN IN THE PHOTOGRAPH. ................................................... - 324 - 
FIGURE 174: SAMPLE SB, WHICH WAS MANUFACTURED WITH IN-PLANE SHEAR, HAS BEEN ANALYSED WITH A 5MHZ 
ULTRASONIC PROBE. TWO SETS OF RESULTS ARE SHOWN HERE, A 0/90° ORIENTATED PLY (TOP) AND A ±45° 
(BOTTOM). BOTH HAVE BEEN ANALYSED WITH A COMPUTATIONAL BOX WHICH FOCUSES ON THE AREA ON IN-PLANE 
SHEAR. HOWEVER, BOTH HAVE BEEN INCORRECTLY IDENTIFIED USING THE AUTOMATED WEAVE CLASSIFICATION 
(SHOWN LEFT). THE LINE PLOTS AT THE TOP OF THE SPATIAL FREQUENCY VS. ANGLE PLOTS ARE REPRESENTATIVE OF THE 
SPOTS ON THE MAIN PLOT. THE PEAKS CAN BE SEEN AT THE ANGLE OF THE SPOTS AND THE HEIGHT OF THE PEAKS 
REPRESENT THE BRIGHTNESS OF THE SPOT; THE HIGHER THE PEAK, THE BRIGHTER THE SPOT. ........................... - 325 - 
FIGURE 175: A PHOTOGRAPH OF THE DISTORTED SINGLE PLY WHICH IS SHOWN BOTTOM OF FIGURE 174 AND IS ORIENTATED 
AT ±45° WITHIN SAMPLE SB. ............................................................................................................ - 326 - 
FIGURE 176: IN THIS INSTANCE SAMPLE SB HAS BEEN SCANNED WITH A 5MHZ PROBE BUT THESE RESULTS FOCUS ON THE 
FIVE-HARNESS SATIN, OFFSET TWO WEAVE (WITH 6K FIBRE TOWS). RESULTS WERE INVESTIGATED FROM ABOVE THE 
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DISPLAYED FROM THE BACK SURFACE AS THEY COULD NOT BE RESOLVED; THE FIBRE TOW WIDTH HERE IS 1.6MM AND 
THE RESOLUTION OF THE TOW IS TOO POOR WITH THE FOCAL BEAMWIDTH. THE LINE PLOTS AT THE TOP OF THE SPATIAL 
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TO FOCUS ON THE MAXIMUM DISTORTION ANGLE (NOTE: THIS BOX CAN ONLY BE DRAWN AS A RESULT OF THE C-SCAN 
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DIFFERING SIZE OF THE COMPUTATIONAL BOXES BUT THE BOX WHICH IS SPECIFIC TO THE DEFECT DOES RESULT IN THE 
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1. Introduction		
Currently the elite sector of the automotive industry has a limited knowledge of the 
internal properties of their manufactured woven-composite components, even though 
they regularly apply Non-Destructive Testing (NDT) methods; primarily in the form of 
ultrasound. This chapter introduces the background to the problems being addressed 
here, as well as stating the aim and objectives for this thesis. 
1.1 Background		
There are a number of reasons for this limited knowledge, including the absence of any 
composites-specific post-processing provision in the ultrasonic analysis software that 
they use. This ultimately leads to engineering decisions based on previous experience, 
which, whilst acceptable in the short term of the industry, will lead to problems with 
knowledge retention for the future workforce. These relatively un-informed decisions 
are also leading to the premature scrappage of components, resulting in additional cost 
of manufacture and disposal. Most importantly there is minimal use of ultrasonic NDT 
information to develop the understanding of the effect of the manufacturing process on 
the final woven-composite components. As well as potentially enhancing the 
performance and weight properties of components as a result of increased confidence 
in conformance to design, it should also be noted that there is an environmental benefit 
from reducing scrappage, as composites are not currently readily recycled.   
  
It would be advantageous to make better-informed decisions about components, based 
on evidence of their internal structure. This could result in eliminating the need to 
produce a ‘twin’ part to test. Twin parts are manufactured to enable one to be 
destructively tested and, depending on the results, the remaining part can then be used 
in-service. Data collected from NDT can be compared against any unwanted features 
and deviations from as-designed uniformity.    
  
A variety of hand-held NDT equipment is currently widely employed to assess the 
characteristics of components following manufacture and, in the case of elite cars, such 
as those seen in Formula 1, following each race. After a race the likely defects are 
different to those at manufacture but improved 3D imaging of the components would 
add significant benefit and better inform any concession, repair, or scrap decision. For 
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additional information, some components are inspected over the race weekend, as and 
when needed. Whilst a number of different NDT techniques are available, it is 
ultrasound that is specifically investigated here. Currently in the Formula 1 industry, 
real-time results are displayed on a screen (connected to the hand-held ultrasonic 
contact probe), with amplitude of the signal being analysed. Whilst an experienced 
operator is able to identify any irregularities, there is no explicit ‘image’ of the defect 
that can be captured for records or indeed any further analysis. This limits the analysis 
to whether or not there is a defect, and the location of the defect in terms of the z- 
direction (through depth). The size of the defect is estimated by scanning the 
component surface and manually determining the extent of the damage. Areas which 
are known to repeatedly see defects, are scanned systematically as part of the post 
manufacturing and post-race testing. The knowledge of where these common defects 
occur is held within the experience of the in-house NDT team and has been built over 
previous races and years.    
  
It could certainly be argued that the current situation is advantageous in a number of 
ways. Scanning is relatively quick, which in a high-pressure, time-critical environment is 
necessary. The previous knowledge accumulated over time often saves scanning of 
whole components, instead allowing the scanning to be focused on specific known 
problem areas. This knowledge also ensures that no unnecessary risks are taken; when 
a defect is noted that has been seen in components beforehand, the component is 
scrapped. It is also significantly beneficial to scan components both after manufacture 
and following races. This gives a baseline of the component before and after the race 
and ensures that components are not fitted into cars without an understanding of their 
integrity. This build-up of knowledge contributes to research and further development. 
Perhaps most importantly, it has been proven that ultrasonic NDT is a suitable method 
for detecting defects within composite components and is used in a huge variety of 
industries.   
  
However, the key disadvantage of the current system is the relatively simplistic display 
of ultrasonic data. Presently there is no method of data capture, making it difficult to 
document and track any defect throughout a components’ life. If this could be 
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documented and each component had a more comprehensive paper trail this will make 
a significant difference. Furthermore, post-processing will allow more analysis to be 
undertaken, leading to further knowledge about the component and any defects 
present.   
1.2 Aim	&	Objectives		
The over-arching research challenge is to understand how ultrasound interacts and 
behaves with a woven fibre epoxy composite and to use this information to create an 
automated 3D map of the weave characteristics, which includes unwanted features and 
deviations from the as-designed structure.  
  
The principal aim is to generate an automated mapping programme that will identify 
and quantify deviations from design, due to either manufacturing processes or in-service 
defects. By its very nature this programme must only enhance current capabilities 
without causing a significant increase in the time taken to analyse the test results. It 
should be able to be used by any member of an NDT team and the post-processing 
undertaken within the programme should provide a higher level of understanding of the 
component than is already provided by team member experience.  
  
The following objectives have been established:  
  
i). Establish current knowledge base on the interaction of NDT methods with 
woven composite materials.  
ii). Investigate current capability for the use of weave characterisation in 
identifying defects.  
iii). Define the parameters required to identify and subsequently classify 
individual weave types; creating a unique identity per weave.  
iv). Manufacture samples of different weave types in order to establish 
characteristic weave features that can be used to identify different weaves 
and stacking sequences. 
v). Use in-service components to validate the weave characterisation (or 
identification) method developed in objective (iv).  
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1.3 Scope		
The hypothesis of this thesis is that it should be possible to analyse the ultrasonic 
response of a woven composite in order to classify the different weave types and 
quantify the rotation and distortion of the weave for comparison with the as-designed. 
The proposal is to analyse each in-plane slice through the 3D ultrasound response data, 
to automatically identify and characterise any lines in the image in terms of angle and 
spacing.  An in-plane slice is defined here as being representative of a single ply. 
  
Following initial discussions with Renault Sport Racing Formula 1 Team it was 
established that the focus would be components manufactured from woven carbon 
fibre and epoxy resin. This currently constitutes the most utilised material across a wide 
range of industries and therefore the work conducted here could result in an impactful 
advancement in knowledge across numerous industries, as well as the most significant 
financial savings and the most benefit in terms of future development of components.   
  
This project has developed the post-processing of ultrasonic NDT data with a view to 
focusing on two specific analysis areas; distortions and stacking sequence. There are of 
course, further areas of non-conformity that could be investigated but the two focused 
on here have been identified as important to Renault Sport Racing. Firstly, if an in-plane 
slice of the sample can be scrutinised and the weave can be identified, any distortions 
in the weave can subsequently be analysed. Secondly if the stacking sequence, or any 
rotations within this sequence can be established, this can be checked against the 
desired manufacturing arrangement. Both of these areas on possible non-conformity 
rely on the unique weave identity. 
  
It is important to state that whilst the aforementioned post-processing allows 
comparison to the as-designed, the actual comparison is not undertaken here. The 
structure of the samples and components analysed within this thesis are not modelled 
and the mechanical performance is not determined; although, this work could be 
undertaken at a later date. The composites, following initial discussions with Renault 
Sport Racing Formula 1 Team, are primarily carbon fibre and epoxy resin; they are 
specifically 2D woven. However, 3D woven composites are of interest to a growing 
number of industries and the hypothesis described above may still apply.    
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The difference between 2D woven composites and 3D woven composites is seen below 
in Figure 1. 2D woven composites comprise numerous plies, each of which contain weft 
fibre tows (bundles of generally over 12,000 individual carbon fibres) and warp fibre 
tows, meaning they are stiff in the x- and y- directions respectively. They have z-direction 
thickness by the consolidation of a number of plies, all with fibres in the x- and y- 
directions, but very low stiffness in the z direction because no fibres have a significant z 
component to their orientation. For this reason, they also have negligible strength in the 
z-direction. 3D woven composites add to the consolidation of plies by weaving ‘binder 
tows’ with components in the z-direction i.e. parts are produced which are stiffer and 
stronger under out-of-plane loading conditions.   
  
 
 
Figure 1: A simulated representation of an eight ply 2D woven composite (top). A 2D woven composite has z-
direction thickness due to the consolidation of plies which have fibre in the x- and y- direction. They have very 
low stiffness in the z-direction as they have no fibres in the z-direction.  By contrast  an eight ply 3D woven 
composite is also shown (bottom). They too have plies with fibres in the x- and y- direction. However, they also 
have ‘binder tows’ in the z-direction. 
 
It should be noted here that existing tools which were suitable to support the 
development of the solution presented, were investigated. LaunchNDT (University of 
Bristol) was chosen owing to its capability to allow for in-depth post-processing of data 
gathered from a variety of NDT methods; including ultrasound. This post-processing 
allows for better investigation, and subsequently knowledge, of the composite under 
investigation. It also has the proven capability of working with uni-directional 
composites to a high level, highlighting the fundamental analysis algorithms.  
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For the development of this project, there is an inbuilt simulation feature which has 
allowed for the analysis of simulated woven composites; this has been invaluable in the 
identification of the individual weave characteristics. However, the most crucial reason 
behind the decision to use LaunchNDT is the ability to modify the software; this has 
allowed for the inclusion of new algorithms developed for the solutions presented in 
this thesis. LaunchNDT has undergone development to encompass the new 
understanding of woven composites. The updates to LaunchNDT have been built over 
the entirety of this project. The author of this thesis has not undertaken the updates, 
but they have been realised to follow and implement the outcomes of the research. 
1.4 Thesis	Structure		
This section (‘1.4 Thesis Structure’) details the structure of the thesis and the 
presentation of the work undertaken. Firstly, within chapter two, a literature review has 
been conducted which identifies a wide variety of NDT techniques currently utilised 
within the composites industry and consequently describes why ultrasonic NDT is the 
chosen method to be applied for this thesis. Existing capabilities and research into the 
use of ultrasonic NDT in the determination of stacking sequences and weave 
characterisation of woven composites is described and analysed. It is shown that the 
ability to use ultrasonic NDT data to determine weave characteristics and stacking 
sequence does not currently exist, however technology is available for uni-directional 
composites. The last section of chapter two (‘2.5 Solution Toolset’) addresses the toolset 
subsequently used in the solution presented throughout the thesis. This includes Miller 
Indices, more commonly seen in crystallography, pattern classification and 
instantaneous parameters such as instantaneous amplitude. Finally, the use of 
instantaneous parameters in post processing of ultrasonic NDT data has been 
investigated and ultimately highlights the benefit of this post-processing in determining 
a higher level of information than standard acquired data can provide.  
 
Chapter three details how optimum data can be acquired by adjustment of a number of 
parameters, including those used in pre-processing. The data acquisition is the start of 
the process and vital to get correct, it is important for the weave characterisation that 
the 3D ultrasonic data set is of high quality and is not itself distorted due to artefacts or 
anomalies in the ultrasonic propagation. The four main independent properties of a 
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propagating ultrasonic wave (amplitude, velocity, frequency and beam shape) are 
described individually before the optimisation of these parameters is discussed. 
Immersion scanning optimisation is specifically examined with a subsequent initial look 
at woven composites, beginning with a stepped sample of woven carbon fibre and epoxy 
resin. Lastly a statistical model is used to establish whether apparent undulations in the 
plies, visible in the ultrasonic B-scan cross-sections, will gradually increase in amplitude 
with depth to an extent that a velocity correction for accurate post-processing 3D slicing 
is required. This is modelled for both carbon fibre and glass fibre. 
  
The method for characterisation of 2D weaves is the focus of chapter four, beginning 
with instantaneous amplitude where the instantaneous amplitude plot shows the 
thickness as it varies with fibre tows, ultimately showing the weave pattern. Dominant 
lines are detected throughout these weave patterns, with their angle and spacing being 
established. These two variables become a focal point of the remainder of the chapter, 
which is split into three main sections; ‘4.2.3 Spacing of arbitrary angled lines across 
single warp and weft lines’, ‘4.2.4 Effective lattice lines (ij); angle and spacing’ and ‘4.2.5 
Individual Weave Characteristic Lines’. The explanation offered within these three 
sections culminates in simulated weaves being characterised using spatial frequency vs. 
angle plots and ultimately being compared against manufactured samples of the same 
weaves.  
 
Chapter five focusses on unwanted features and deviations, simulating data for both 
pristine weaves as well as those simulated with in-plane waviness. The method and 
accuracy for the measurement of any weave distortions is investigated, alongside how 
the stated measurement parameters affect this accuracy. The use of spatial frequency 
vs. angle plots alongside measurement parameters of Full Width Half Maximum (FWHM) 
are used to identify the effect of computational box size and pixel size to the 
identification of any distortion present within the weave. Both square and rectangular 
boxes are investigated and ultimately there is a trade-off which needs to be considered 
between smaller boxes (for high accuracy) and larger boxes (for high precision). 
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The penultimate chapter showcases the developed methods of weave classification and 
distortion mapping, on samples manufactured to represent different in-service 
components; these samples vary in weave (plain, 2x2 twill and five harness satin, offset 
two), thickness, orientation and material (carbon fibre and glass fibre). There are further 
samples which have been manufactured with defects of in-plane shear and in-plane 
waviness. These were manufactured by manipulating the warp and weft tows. The 
weave classification is analysed first, with investigations of singular weaves, multiple 
weaves, effect of depth and effect of surface roughness. Secondly, the distortion 
mapping capabilities are analysed using the in-plane shear and in-plane waviness 
samples. 
  
Finally, the thesis is brought to an end with the conclusions and discussion chapter. The 
motivation behind the project is discussed as being two-fold; to increase the knowledge 
of the interaction between ultrasonic non-destructive testing and woven composites 
and to increase the data set for investigated components to allow for a better informed 
decision regarding the component’s life. The approach to the entirety of the project is 
documented, focusing on key moments of the project. Including the application of Miller 
Indices from crystallography and the development of the spatial frequency vs. angle 
plots. The implementation of the automated weave classifier was a crucial juncture 
within the project which allowed for the testing of samples. 
 
It can be said that the aim of this project has been fulfilled with both weaves and defects 
being successfully, automatically mapped using the demonstration software, 
LaunchNDT. It has been proven that each of the different weave types analysed during 
the project, does indeed have a unique weave identity which can be used for its 
identification during the analysis of acquired ultrasonic data. Lastly, a number of key 
recommendations are proposed in order to continue to develop the work presented 
here. These include, but are not limited to, addressing of the assumptions (such as the 
warp and weft tows having the same fibre tow width), analysis through depth of samples 
and further defects being investigated. 
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2. Literature	Review	
It is vital that the use of Non-Destructive Testing (NDT) within the composites industry 
is investigated. This provides an overview of any problems which are currently being 
encountered, any work being conducted to address those problems, and the methods 
which are being utilised. The method which are used often depend on the nature of the 
composite. The literature within this is divided into three larger sections of: 
 
• NDT for composites,  
• NDT for the evaluation of ply stacking sequence/fibre orientation and, 
• The toolset used during the remainder of the thesis. 
 
Two further areas of weave types and ultrasonic NDT specifically are covered.  
2.1 Composites	
2.1.1 Weave	Types	
It is important to highlight the variety of weaves that are available for composites. The 
weave is defined by the pattern created from the warp (y-direction) and weft (x-
direction) fibres. In Figure 2, the warp fibres are red and the weft fibres are blue. Each 
weave pattern is effectively a core unit cell that repeats (some unit cells are depicted in 
Figure 3). The idea of this unit cell can be developed and taken forward into the use of 
Miller Indices (described in ‘2.5 Solution Toolset’). 
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Figure 2: Simulated portrayals individual plies with six of different weave types (unidirectional, plain weave, basket 
weave, 2x2 twill, 5 harness satin and mock leno). A unidirectional ply is included to highlight the difference between 
unidirectional and woven plies. In a unidirectional ply, all fibre tows are aligned in the same direction. By contrast, 
woven plies have fibre tows in two different directions which are nominally at 90° to each other.  
 
 
Figure 3: Three of the simulated individual plies from Figure 2 (plain weave, 2x2 twill and 5 harness satin) are 
pictured here with their individual unit cells highlighted. A unit cell, in this instance, is a unique section of warp and 
weft tows, which when repeated creates the weave pattern.  
2.2 NDT	in	the	Composites	Industry	
It should be noted here that with the increased use of composites within key industries, 
such as aerospace and defence, the NDT sector has had to develop and grow. NDT has 
been used in conjunction with metals for many years, but has not always been directly 
x
y
x
y
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transferable to composites. In this section (‘2.2 NDT in the Composites Industry’) the 
current use of NDT with composites is investigated.  
2.2.1 Thermography	
Thermography can be described as either active or passive. Both rely on a contrast in 
temperatures, but active thermography requires an external energy source to introduce 
this, whereas passive thermography uses existing contrasts. The external energy 
required can be either a thermal system or a more mechanical system such as vibration. 
The contrast is recorded via thermal cameras and usually a resultant image is produced 
which enables post analysis. Kroeger (2014) writes that the produced image enables 
‘identification of the internal structure of the material, as well as possible defects in it’. 
An example of the inner structure of an aircraft fuselage (Figure 4) is given, and whilst 
the structure in terms of cross-members is shown, the lay-up of the composite itself is 
not.  
 
 
Figure 4: A thermography image of the inner structure of an aircraft fuselage (Kroeger, 2014). The aircraft 
windows, cross members and rivets can be seen. However, in the context of this PhD, it is important to note that 
any details about the composite cannot be seen.   
 
Kroeger (2014) compares this thermographic system with a phased-array ultrasonic 
system. (Where phased-array is an advanced form of ultrasonic testing where the 
transducer has a number of different elements which can be triggered individually). It is 
said that phased-array is commonly used for composite materials but Kroeger (2014) 
counters that by saying that this method requires long inspection times. Whilst correctly 
identifying that longer inspection times will lead to ‘rising costs for maintenance and 
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repair work’ no timings for ultrasound or direct comparisons are given. It is written that 
the developed active thermography system can cover a sample of 1m2 within ‘a few 
seconds’. Kroeger (2014) finishes by listing the following defects that can be identified 
using active thermography; ‘delamination, debonding, water inclusions and air cavities’. 
No examples of these specifically are given.  
 
Lizaranzu et al. (2015) use an infrared (IR) pulsed active thermography system to inspect 
a variety of composites found in wind turbine blades. The composites inspected are of 
a variety of configurations including a unidirectional monolithic carbon epoxy 
composite, which is 24mm thick. Throughout the composite, delaminations, inclusions 
and fibre wrinkles are introduced.  
 
When analysing the results, a thermogram is produced, taken from data extracted at a 
given time; the data is post-processed primarily using the ‘root model’ and ‘e-model’ 
either as first or second derivatives. As a further addition pulse phase evaluation have 
also been used. In this case specifically ‘a Fourier Transform of the recorded signal is 
performed. This method gives both an absolute signal and a phase spectrum as a 
function of the frequency.’ No further details of these post-processing methods will be 
analysed here, as this section (‘2.2.1 Thermography’) is to gain an understanding of the 
NDT method itself. Defects considered close to the surface (within 2mm depth) were 
almost all detected, and the delamination, silicone paper and latex inclusions (used to 
represent delaminations) were clearly indicated in the results. The metallic blade was 
detected and whilst not immediately obvious, following some post-processing the 
wrinkle was seen. In the interest of completeness, the polyethylene inclusion was not 
detected, but following further analysis, it was shown that the polyethylene inclusion 
melts at the curing temperature of the composite. 
 
Lizaranzu et al. (2015) concludes that active thermography, as an NDT method is easy to 
set up, especially as no direct contact with the surface of the component is necessary. 
They also agree with Kroeger (2014), saying that due to short inspection times (in the 
regions of seconds) the possibility of inspecting large areas is a reality. It should be noted 
that due to the nature of thermography and the requirement of an external energy 
source and camera the results are dependent on such factors as camera resolution. 
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Whilst having identified some benefits of thermography, the limitations are also 
highlighted. The depth of detectable defects could be a big limitation depending on the 
situation in which thermography is to be used. Likewise, there is no detail captured on 
the defect itself, including its dimensions or the nature of the defect.  
 
Perhaps most interestingly it is noted that the implementation of thermography is not a 
set method because of its dependence on the geometry of the component, along with 
the variables such as thickness and the actual material. Lizaranzu et al. (2015) conclude 
that “Therefore, in order to achieve a robust inspection tool, the features and details of 
the part should be known: geometry, materials, configurations, etc., together with a 
good definition of the type of defects to be detected. A proper design and an accurate 
manufacturing of reference samples including controlled defects is essential in order to 
establish, prior to the inspection, test parameters, post-processing strategies and defect 
identification criteria.” 
 
Whilst thermography has been shown to be a quick NDT method, with no issues with 
regards to the access of components, this final statement from Lizaranzu et al. (2015) 
captures why thermography is not the appropriate method to approach the hypothesis 
stated earlier. A reference sample is still required in order to set the NDT method up 
correctly and the level of detail is not enough to provide the extra level of information 
required for a more informed decision. Garcia (2014) confirms both the benefits and 
limitations of thermography, in particularly noting that results are very susceptible to 
interference such as noise, variable material characteristics and uneven heating. It could 
also be argued that the need to ‘inject’ the necessary thermal contrast by stimulating 
the sample may impact any damage that has already been sustained. 
2.2.2 Eddy	Current		
Eddy current testing is a method widely used in the investigation of metallic components 
and works on the basis of a coil. A sample is placed in an electromagnetic field that is 
created by passing an alternating current through the coil. Eddy currents are then 
formed from the electrons in the sample. The Eddy currents form a secondary 
electromagnetic field that causes changes to the field created by the coil; these changes 
can be measured (Ghanei, 2014).  
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Morozov (2009) gives four comparative reasons as to why Eddy current testing is 
advantageous: 
 
1. “it enables detection of subsurface defects, as well as surface ones, in contrast 
to dye penetrant inspection;  
2. it can be applied to non-magnetic conductive test pieces in contrast to magnetic 
particles inspection;  
3. it does not require an acoustic couplant as ultrasonic inspection and  
4. It is more economical and less hazardous than radiography.” 
Fibre waviness is the defect that Mizukami (2018) focuses on. It is written that X-ray CT 
is the conventional technique used to detect waviness, whilst the technique here is eddy 
current testing. It is explained that carbon fibre is electrically conductive which is the 
key requirement in being able to use eddy currents as a test method. Interestingly there 
is a difference between the use of eddy currents for woven and unidirectional carbon 
fibre samples. Mizukami (2018) says ‘because a woven CFRP (carbon fibre reinforced 
plastic) has periodically aligned carbon fiber bundles, the signals from the eddy current 
sensor will also be spatially periodic. Thus, a two-dimensional Fourier Transform of the 
periodic signals can give the in-plane fiber orientation. However, there are no reports of 
a non-contact eddy current technique that can visualize in-plane waviness distribution 
and measure the size of waviness in non-woven CFRP.” 
 
The sample investigated was relatively small (measuring 235mm x 185mm x 0.73mm) 
and had a stacking sequence [0/90/0]. A new “magnetic imaging technique that can 
reconstruct the surface magnetic field distribution by using the magnetic field measured 
in a plane away from the CFRP surface” is document and tested. Further detail will not 
be discussed here as it is beyond the scope of the investigation. The underlying focus is 
to measure the in-plane waviness without needing to contact the sample surface, as 
with more ‘usual’ eddy current methods. Finite Element Modelling (FEM) was used to 
visualise the magnetic field and fibre waviness. The “FEM analyses show that angle of 
visualized waviness decreases as the plane in which the magnetic field distribution is 
measured is farther from the CFRP surface, which degrades the accuracy of the waviness 
measurement.” However, this could be overcome by measuring magnetic fields at 
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various distances from the surface and subsequently reconstructing them, ensuring the 
measurement accuracy (of the size of the waviness) can be maintained. (Mizukami, 
2018) 
 
It can be seen from the literature reviewed within this section (‘2.2.2 Eddy Current’) that 
there is a place for eddy current NDT within the composites industry, however, it is not 
without its limitations; the material must be conductive in order to be inspected, and 
the samples surface must be accessible. NDT Resource Center (no date) agrees with 
these two limitations and identifies further factors, including: 
 
• “Surface finish and roughness may interfere 
• Depth of penetration is limited 
• Flaws such as delaminations that lie parallel to the probe coil winding and probe 
scan direction are undetectable” 
It is the final point identified in the list above which is the primary reason as to why eddy 
current NDT is not a suitable NDT method for the investigation being undertaken in this 
thesis.  
2.2.3 X-Ray	Computed	Tomography	(CT)	
Radiographic inspection sees the specimen exposed to x-rays (or gamma rays). The rays 
pass through the material and whilst some are absorbed, some penetrate through the 
component and are detected on the other side by a photographic film. The number of 
rays absorbed is dependent on the density and thickness of the specimen. Variations in 
the material subsequently appear as variations of grey on the film. Defects 
perpendicular to the radiation are harder to detect and can be missed (Gros, 1997). This 
x-ray technology is not new and has been used for many years in the medical industry.  
 
For NDT specifically it is the additional Computed Tomography (CT) element that is more 
often used; it allows for the detection and to some extent the classification of defects. 
By rotating the component, x-rays are gathered at different angles; this allows the 
production of ‘slices’ of the component that can ultimately be combined to produce a 
3D image of the component. This allows the depth and size of a defect to be understood. 
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Liu (2014) investigates GFRP (Glass fibre reinforced plastic) samples, which are 
representative of spar webs in wind turbine blades. The actual method used within the 
investigation is optical coherence tomography but during the introduction a review of 
X-Ray CT is offered; stating, “X-ray Computed Tomography (X-ray CT) provides the 
internal structure of the composite material and hence is possible to locate 
inhomogeneity within the depth of the material. But the high measurement cost and 
the difficulty for inline inspection are the main obstacle for it becoming a standard NDT 
tool in the field of wind turbine blades.” Although arguably slightly negative to sway the 
reader towards their technique, it offers an insight into potential limitations with X-Ray 
CT. 
 
Garcea (2018) notes that current X-Ray CT systems are “able to provide highly accurate 
three-dimensional (3D) inspections of fibre architectures, manufacturing defects and in-
service damage accumulation non-destructively”. The article focuses on polymer 
composites and starts with explaining some of the basic issues with gathering X-ray CT 
data. Firstly, the ability to obtain a clear contrast between fibres, matrix and any 
damage. The document continues to explain how this can be overcome but this level of 
detail is not appropriate for this thesis.  
 
However, of specific interest to this thesis is the consideration between sample size and 
ultimate resolution (spatial resolution is an issue particularly in large components). 
Garcea (2018) mentions an issue that is seen in woven composites and is due to their 
repeating pattern; “woven composites, have repeating patterns that extend over 
significant distances meaning that the representative volume element (RVE) may be 
larger than that can be imaged at adequate resolution”. 
 
One of the main benefits of X-Ray CT is that components can be viewed in 3D form; this 
is a great aid in understanding any defect that is detected. However, it is noted that 
segmentation is needed in order to extract quantitative information from the data. 
Segmentation is said to be likely to contain errors and can also miss key aspects; 
therefore, it is advantageous to manually access the slices of the image. (Garcea, 2018) 
Finally, Garcea (2018) goes on to explain ‘the current state’ of X-Ray CT; this includes the 
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inspection of porosity, fibre architecture, tensile failure, kinking and fatigue. More detail 
on each of these can be found in the journal article. Concluding that huge progress has 
been made over the last ten years within this field, it is noted that further developments 
are needed in certain areas, including achieving high resolution on small components.  
 
One of the main downsides of X-Ray CT is the cost of the equipment that is required, 
further cost is required in the highly skilled engineers which are necessary to interpret 
the subsequent images. Due to the nature of the 3D images produced the storage files 
are large which would be a consideration if they needed to be stored for component 
records. Whilst considerable detail can be gained by using X-Ray CT, the need for highly 
skilled engineers to interpret the data is one of the problems trying to be addressed by 
this thesis; for this reason, this method will not be investigated further.  
2.2.4 Dual	Methods	
As can be seen from the literature above, all NDT methods have both benefits and 
limitations and the choice of which can be considered ‘best’ depends on factors such as 
material, component size and test environment. It is also typical to use more than one 
NDT method; this may come in the form of visual inspection followed by a more 
‘thorough’ method such as ultrasound, or, two thorough methods in order to overcome 
any limitations with the methods individually.  
 
To visualise this, Table 1 is included, showing methods investigated within the Dutch 
National Technology Programme by Heida (2012); concluding that there isn’t one single 
method, which is currently in service (when the investigation took place) that scores a 
positive mark across all of the inspected variables when considering aerospace 
composite components. Note: “the colours in the table give a rough qualification of the 
evaluation parameters for the different NDI methods (green–positive, yellow–with 
limitation, red–negative).” 
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Table 1: Comparison table of non-destructive testing methods tested under a Dutch national programme in the 
testing of aerospace composite components (Adapted from Heida, 2012). Note: “the colours in the table give a 
rough qualification of the evaluation parameters for the different NDI methods (green–positive, yellow–with 
limitation, red–negative).” 
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Following an overview of the current NDT capability in the aerospace industry, 
Djordjevic (2009) reaches the same conclusion as Heida (2012) in that no single method 
has the ability to meet all of the requirements for non-destructively testing composite 
components. 
2.2.5 Ultrasound		
At the simplest level there are two methods of ultrasonic testing; through transmission 
and pulse-echo. Through transmission requires two transducers, one placed either side 
of the component with one transducer sending the wave and the other catching the 
portion of the wave that penetrates through. Pulse-echo can either be a single 
transducer or two transducers (with both transducers placed on the same side of the 
component). In this instance, it is the reflection of the wave that is captured. The 
difference between the two can be seen in Figure 5. 
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Figure 5: Illustrative sketch of two different ultrasonic testing set-ups; where the orange cylinders represent 
ultrasonic transducers and the rectangle is representative of a component under test. Through transmission (left) 
where two transducers are required; one either side of the component under test. The pulse-echo set-up can either 
be a single transducer, or as pictured here, two transducers; unlike the through transmission, the transducers are 
on the same side of the component under test.  
 
Ultrasonic NDT works on the same principles as medical ultrasound and in the same 
manner requires the use of a couplant in order to ensure good data acquisition.  The 
couplant itself is essential to aid with the acoustic impedance mismatch between air and 
a solid material. Acoustic impedance describes the amount of resistance experienced by 
the ultrasonic beam as it passes through any given material. The difference between 
impedance in air and solid is so large that the majority of the ultrasonic beam is reflected 
rather than being transmitted into the solid (the component under investigation). The 
couplant ensures that more of the transmitted signal penetrates the component. (NDT 
Resource Center, no date). 
 
There are three common ways in which ultrasonic data is displayed, A-, B- and C-scans. 
A pictorial representation of the three different scans can be seen in Figure 6. An A-scan 
represents the amplitude of the ultrasonic wave against the time of the scan. In contrast 
a B-scan is a cross-sectional view of the component. In Figure 6 the effect of a defect is 
shown. Finally, a C-scan is a plan view of the component, shown here with the 
corresponding defect to that depicted in the B-scan. 
 
  
 
 
Through transmission Pulse-echo 
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Figure 6: Schematic illustrations of A-, B- and C-scans; each of these scans are a way of displaying results gathered 
from ultrasonic non-destructive testing. An A-scan represents the amplitude of the ultrasonic wave against the 
time of the scan. A B-scan gives a cross-sectional view of the component. A C-scan displays a plan view of the 
component. The C-scan illustrated here depicts the defect which is also seen in the B-scan. 
 
In order to overcome the need for a couplant, which many industries consider as a 
limitation, laser ultrasound and air-coupled ultrasound are being explored (HSU, 2008). 
(It is noted by Revel (2013) that available laser ultrasound systems are extremely 
expensive). Whilst the methods are being explored, in order to remove the need for 
couplant, the resulting mismatch of acoustic impendence between air and the 
composite leads to extreme inefficiency. Subsequently only thin laminates can be 
tested, where up to 3mm diameter defects can be detected. 
 
Ultrasonic testing could be argued to be somewhat arduous, often being carried out by 
hand with subsequently slow scanning speeds. In order to try and automate the NDT 
process, Garcia (2014), introduces the idea of thermography in conjunction with feature 
extraction software that has the ability to be ‘trained’. An area of 150mm2 was scanned 
in less than one minute, which consisted of heating for 15 seconds followed by the 
observation (and cooling down period) of 45 seconds; with results found to be similar to 
that gathered by ultrasonic testing. There are no timings given for the samples scanned 
using ultrasound. With depths within 2mm of the surface, both the thermography and 
ultrasonic C-scans captured data indicating the same shape delamination. However, 
anything deeper than 2mm and the thermography struggled to detect the defects, 
indicated by the detection of defects varying from 0.264mm to 1.848mm deep being 
listed as ‘not to their full extent’ (it is not obvious what is meant by not being detected 
to the full extent). It should be highlighted here that Garcia (2014) is presenting a “depth 
estimation system based on learning machines for CFRP structures” and this reference 
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is included here to highlight the points made about ultrasonic NDT. Therefore, the 
system is not described here. 
 
There are a number of different ways in which ultrasound can be utilised; acoustography 
is a ‘branch’ of ultrasonic NDT that utilises an acousto-optical sensor; converting 
ultrasound into a real time image. Using water as the couplant, a graphite/epoxy test 
panel and an armour plate, which consisted of two composite face sheets adhesively 
bonded to an internal ceramic core, were tested by both ultrasonic C-scan and 
acoustography technology (Sandhu, 2011). Over an area of 120in2 the acoustography 
system performed the scan in 144 seconds, the ultrasonic C-scan taking 15 minutes. The 
definition of the defects in the graphite/epoxy test panel were better as a result of 
acoustography, which also showed the fibrous nature of the composite. However, the 
C-scan showed clearer depiction of the sandwich panel’s core. In this instance the 
acoustography image shows a wider spread of resin pooling which in turn masks the 
defects. The result from both methods can be seen in Figure 7. 
 
 
 
Figure 7: A graphite/epoxy test panel and an armour plate, which consisted of two composite face sheets 
adhesively bonded to an internal ceramic core, were tested by both ultrasonic C-scan and acoustography 
technology. A comparison of the C-scan image (left) and the acoustographic image (right) of the composite test 
panel taken from Sandhu, 2011 is shown. 
 
From the literature discussed so far regarding ultrasonic NDT, it appears that there are 
two main drawbacks to ultrasound; the speed of the scan and the need for the use of a 
couplant (or at the least access to the surface of the component). 
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Padiyar (2014) tries to address both of these limitations by analysing a sample of a ten-
layer GFRP pipe of 500mm in length and 300mm internal diameter. Current systems 
include water immersion C-scan (for smaller section of pipes) or water-jet based C-scan 
systems (for larger lengths). It is noted that due to the filament winding manufacturing 
method of these pipes, delaminations are inherent; conventional C-scans are noted as 
being “a time consuming and uneconomical method for application to low-cost glass 
epoxy composite pipes”. Padiyar (2014) looks into the feasibility of combining Lamb 
wave (waves which propagate parallel to the test surface) based B-scans and point-to-
point C-scans in order to develop a non-contact system. Secondly, whether or not this 
system can reduce scanning time. 
 
Teflon film is inserted to represent delaminations is 0.2mm thick and of varying sizes. 
Further details of the experiments can be viewed in Padiyar (2014). Ultimately, the lamb 
wave scan took a total time of 5.4 hours and the air coupled through transmission C-
scan took 8.0 hours. It is recommended that the C-scan is only used in specific locations 
once the lamb wave analysis has found the locations of the defects. A ‘more 
conventional’ immersion C-scan is undertaken to validate the results but interestingly 
no time is given for this scan. Limitations of the proposed system are listed and include 
the large size of the air-coupled transducer. 
 
Although Pinto (2014) is proposing an embedded structural health monitoring 
thermography approach to NDT, it is ultrasonic C-scan and shearography (an optical NDT 
method), which are used for comparison. Samples are made from ten layers of CFRP at 
[0°, 90°]n  with three different sizes of PTFE (Polytetrafluoroethylene) patches to 
represent delaminations. The C-scan system utilised by Pinto (2014) was a pulse-echo 
method and was conducted in an immersion tank. Two sets of data were gathered, firstly 
a precise scan to identify the PTFE patches and a second set performed at a rate 
comparable to the proposed thermography method.  
 
The thermography system can perform scans in the regions of seconds, whilst the two 
C-scans were five minutes and one minute respectively. In the five minutes scan, all 
three defects are easily identified; whilst, in comparison the data gathered in the one-
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minute scan fails to identify all three. One is identified, one remains completely 
undetected and one is detected with inaccuracy.  
 
During the analysis of these scans, two key points are made: 
 
1. “The C-scan machine could not inspect samples characterised by curved surfaces 
as the transducer can only move along the x-y plane, limiting the inspection to 
planar samples” 
2. “It is possible to notice that when the scanning speed is increased, the resolution 
strongly decreases, lowering the feasibility of the inspection to unacceptable 
levels”. 
Point (2) above indicates why there are often longer scanning times with ultrasonic NDT; 
to ensure that defects are detected. Kapadia (2007) systematically analyses a wide 
variety of NDT methods, highlighting strengths and limitations of each. However, no 
specific examples or components are examined. When discussing a pulse-echo method, 
it is noted that there is a time period when the transducer is unable to detect any signals 
because it is either sending or receiving an ultrasonic wave (often referred to as the dead 
zone, ultimately there is an area near the transducer where defects cannot be detected). 
This problem can be overcome by using an immersion scanning system, but as already 
highlighted they come with limitations of their own. These limitations include the 
component getting submerged, the size of the tank, scanning of curved surfaces and a 
wave being produced by the movement of the transducer moving through the water. 
Kapadia (2007) writes that for both through-transmission and pulse-echo methods of 
ultrasonic NDT “it is important to avoid frequencies at which resonance occurs between 
ply interfaces” although offers no explanation as to why. 
 
Despite the methods limitations discussed above (in ‘2.2.5 Ultrasound’), it is this NDT 
technique that will be utilised for this thesis. The reasoning can be seen in the following 
section (‘2.3 Why Ultrasonic NDT?’) 
2.2.6 Other		
It should be recognised here that further NDT technologies are available but the most 
commonly used have been discussed within this literature review. A discussion on both 
- 68 - 
 
tap testing and visual methods can be seen in Appendix One: Tap Testing & Visual 
Methods. Further to ‘standard’ NDT techniques there is also a growing interest in 
embedded sensors, but these are out of scope of this thesis.  
2.3 Why	Ultrasonic	NDT?	
As shown throughout this chapter, there is a range of NDT techniques which are 
currently being used, with varying successes and limitations, in the analysis of composite 
components. In some cases, research exists in order to try to address some of these 
limitations. However, it is identified that a limitation is not only defined by system 
variables but also the desired outcome. Ultimately there is no one ‘best’ method, but 
there are methods that are more suitable to situations and components.  
 
As identified above it is ultrasound that is the NDT method used in this thesis; the time 
is taken here to explain this reasoning fully: 
• There are such a variety of ultrasonic systems available that a large proportion 
of limitations have been ‘rectified’ by other available systems. For example, if 
access to both sides is not possible then a pulse-echo system can be used.  
• The NDT system must be portable to allow for use in a number of different 
environments, including at racetracks around the world. A system such as X-ray 
CT is not fit for purpose in this instance. 
• Ultrasonic NDT is suitable for a huge range of component sizes, which is vital in 
this instance. Due to the portable nature of the system the NDT can be taken to 
sub-assemblies rather than having to move the sub-assembly.  
• The availability of different transducers (covering different frequencies and 
bandwidths) means that a variety of different materials can be scanned; different 
thicknesses of carbon fibre (for example) can also be accounted for with the 
different transducers. 
• It is true that the speed of ultrasonic scanning could be argued to be a downside 
of the method, however, some systems provide instantaneous results in the 
form on A-scans. It is deemed to be enough to initially identify any potential 
problems using this method. If any further analysis needs to be undertaken, an 
additional more in-depth scan can be conducted. 
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• Arguably most importantly, the resultant post-analysis solution posted here 
must be able to easily be introduced into current procedures within the Formula 
One industry; their primary form of NDT is ultrasound. 
2.4 NDT	for	the	Evaluation	of	Ply	Stacking	Sequence/Fibre	
Orientation	
It is known that the fibre orientation has a great effect on the properties of the 
composite component. Components are designed to have a specific stacking sequence, 
reflecting the predicted stress during its use; subsequently if the plies are incorrectly 
stacked, or indeed individual layers are cured at an angle other than the designed this 
could have a significant impact on the component’s life and user safety.  
 
Trying to identify stacking sequences solely from ultrasonic NDT data is not a new area 
of investigation. Smith (1994) specifically looked at the non-destructive inspection of 
aerospace components using ultrasound. The details of the investigation are 
significantly different from those investigated here, but this is negligible in terms of the 
ply stacking sequence. A uni-directional honeycomb structure embedded with copper 
mesh and painted on the external surfaces was inspected using an ultrasonic transducer 
of frequency 15MHz. Interestingly, the results were all obtained with no prior 
knowledge of the samples stacking sequences, but all agreed with the fractographic 
analysis which was performed alongside the NDT. A variety of different through sample 
depths are analysed, with the ply angle being determined at each depth. A difficultly 
was highlighted, where 90° orientation lines are seen to be present, sometimes 
conflicting with the ply orientation. This is said to be attributed to the raster-scanning (a 
direction of movement as shown in Figure 8) movement of the scanner. The ply 
orientation is determined by eye. 
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Figure 8: An illustrative sketch of a Raster Scan, where the scan begins in the top left hand corner of the component 
under test and finished in the bottom right hand corner. 
 
Yang et al. (2009) uses a pulse-echo ultrasonic set up to determine whether or not fibre 
orientation can be established using this method. The uni-directional samples could be 
considered to be thick at 32 plies and 50 plies and relatively limited in that the plies are 
either at 0° and 90° with no further angles included. The samples were scanned in an 
immersion tank, with a transducer frequency of 2.25MHz, coupled to the samples using 
oil. The conclusions drawn are not definitive; initially stating ‘…the orientation of each 
ply was usually difficult to determine to some degree.’ before writing ‘It is found that 
one-sided pulse-echo was effective in detecting and imaging ply orientation in CFRP 
laminates.’ The results that are displayed alongside this conclusion could be considered 
to be ill defined with no definitive evidence as to why the fibre direction has been 
labelled as such. The resultant peak-to-peak amplitude image is displayed in Figure 9, 
where the pitch and catch transducers were placed ‘0 mm apart’ (i.e. they were in 
contact with either other). 
 
Raster scan 
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Figure 9: Peak-to-peak amplitude of a 32 ply, uni-directional CFRP sample. The sample was scanned using ultrasonic 
immersion testing with a transducer of 2.25MHz. The immersion testing was conducted in oil. (Yang et al., 2009) It 
should be noted here that both 0° and 90° are labelled on the image, as the uni-directional composite under 
investigation had plies orientated at both 0° and 90°. 
 
For reference a much clearer C-scan of a uni-direction CFRP sample is seen in Figure 10. 
This C-scan was obtained from a sample using an immersion scanning tank and it can be 
seen that the fibres are orientated at -45°. 
 
 
Figure 10: An example of a good C-scan of a carbon fibre uni-directional composite. The composite was scanned in 
an ultrasonic immersion scanning tank. This image represents a ply near the top of the sample and can be seen to 
be orientated at  -45° (Adapted from Smith, 2010).  
 
Smith et al. (2009) introduce StackScan™ as a rapid method of identifying both the 
stacking sequence and the ply orientations, with “an accuracy of ±0.5°”. This accuracy is 
not proven within the document. The tool works by calculating the angular distribution 
(the distribution of angles when considered relative to a chosen direction) as a function 
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of the component depth and is proven to work with a sample of 15.5mm depth. The 
sample is six woven plies bonded to a honeycomb core, the plies are in the following 
stacking sequence: 135°, 45°, 90°, 0°, 135°, 45°. 
 
Ply Fingerprinting™ is a development of StackScan™ and works on the basis that each 
variant of woven composites will have an individual (and unique) fingerprint in terms of 
the angular distribution. A five-harness satin weave is inspected using simulated 
ultrasonic images (Figure 11) and using the peak in angular distribution.  
 
 
 
Figure 11: Simulated five-harness satin weave at two different angels (left hand side) with orientation data, 
displayed in peaks at the most prominent angles (right hand side).  The change in angle of the warp and weft tows 
in the simulated weave can be seen in the shift in prominent angles on the orientation graphs on the right hand 
side.  Three triangles can be seen on each of the C-scans on the left hand side of the image – these triangles have 
been drawn over the weave and account for the peaks seen in the orientation graphs on the right hand side. For 
example, the hypotenuse of the blue triangle in the top right hand image is at 45°, and is matched to the peak at 
45° on the orientation graph (left). (Smith, 2009) 
 
It is written that “Peaks are expected at angles of -26.6° (arctangent 1/2), and the 90° 
offset to this at 63.4°, as well as 18.4° (arctangent 1/3) and 108.4°.” A 10MHz C-scan is 
used as comparison to the simulated data and it can be seen in Figure 12. As well as the 
predicted angles above, it can be seen that 0°, 90° and 126° have also been identified in 
the angular distribution. Smith (2009) identifies that “Deviations from the normal 
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angular distribution could signify shear or stretching of the woven fabric, quantifying the 
distortion in regions of complex curvature.” 
 
 
 
Figure 12: Data from an ultrasonic C-scan is displayed on the left and the associated angular distribution  can be 
seen on the right. Simulated data predicted peaks at the following angles; -26.6°, 63.4°, 18.4° and 108.4°, the 
angular graph seen here on the right (taken from real data) can be seen to show peaks at all of these locations. 
(Smith, 2009) 
 
Finally, Smith (2009) shows a stacking sequence of an eight-ply woven composite, there 
is no detail given on this composite, other than the first four plies have differing 
distortions to the latter four. The right-hand side of Figure 13 shows the fundamental 
angles seen from the simulated C-scan data and how stretch or shear could affect them. 
It is clear that a limited amount of initial work has been undertaken on establishing the 
stacking sequence of woven composites but that a working system is not available. 
 
 
Figure 13: The right hand side of this image depicts data from a simulated C-scan of an eight ply woven composite. 
The proposed resultant angles from the stretching of a woven composites (right) and a stacking sequence of a 
woven eight ply (left) are also illustrated (Smith, 2009) 
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Saboktakin (2014) focuses on composites manufactured from epoxy matrix and twill 
woven glass fabric, noting that “there are few published papers on woven textile 
composite inspection”. The samples analysed measured ‘250 x 50 x 2.5mm3’, with a 
fabric tow width of 2mm and fibre volume fraction of 55%. Interestingly the angles of 
the samples were set at 0°, 5°, 10° or 20° which could be argued to be unrealistic in 
terms of components which would be found in industry. Four samples were 
manufactured in total, a reference sample of five layers at 0° followed by three 
subsequent samples of lay-up [0,0, x, 0, 0] where ‘x’ is 5°, 10° and 20° respectively.  
 
In total the samples were analysed with four different NDT methods, only the two 
ultrasonic methods are discussed here; a conventional pulse-echo method in an 
immersion tank and a polar scan which rotated around the z-axis of the samples. No 
specific layup results are presented, rather a standard C-scan and B-scan. The C-scan 
result is shown for the reference sample but the corresponding text notes that the 
return signal is “quite homogeneous” for the sample with the 5° centre ply. When 
considering the B-scans it is said that there is no difference between that for the 5° 
sample and the reference sample. This was the same for the cases of 10° and 20° 
samples. 
 
Saboktakin (2014) seems to indicate that it is the resolution of the system, which 
resulted in no detection of the angle of the middle ply, saying, “Ultrasonic NDE 
techniques did not have the sufficient resolution to be used for detecting mid-layer 
orientation in textile composite materials.” It should be noted that at no point during 
the investigation is the angle of the plies actually determined from the ultrasonic data, 
the angle is known and it is any change in the return signal that is being analysed.  
 
Nelson (2019) presents a paper, which not only highlights the importance of knowing 
the manufactured stacking sequence, but also presents a post-processing technique 
that results in (amongst other things) a fibre orientation map. An ultrasonic pulse-echo 
method is used to analyse a uni-directional carbon fibre composite. A series of A-scans 
are collected at each location on the scanning path, eventually building up a 3D data set. 
It is stated that ‘only recently has the interaction between an ultrasonic pulse and a 
laminar CFRP composite reached a stage where successful acquisition of datasets to 
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reveal fibre and ply features is becoming routine’. However, this is most likely in relation 
to uni-directional composites only as this is the focus of the paper. The detail of the post-
processing technique will be described in the ‘2.5.2 Instantaneous Parameters’ section 
of this literature review. 
 
 
Figure 14: An ultrasonic pulse-echo method is used to analyse a uni-directional carbon fibre composite and a series 
of A-scans are collected at each location on the scanning path, eventually building up a 3D data set. A cross-
sectional slice  through the stacking-sequence dataset is shown (left), and the instantaneous-phase dataset (right). 
When a cross-sectional view is taken (as in the left-hand side of the image) a double ply, i.e. two adjacent plies 
with the same fibre orientation, cannot be identified. However, using the instantaneous phase data (right-hand 
side of the image) these can be identified. (Nelson, 2019)  
 
Figure 14 shows a result gathered from the post-processing of the gathered ultrasonic 
data. Nelson (2019) explains that the correct ply order is identified through the depth 
(approximately 3mm) of the laminate; with the exception of the outer plies. It is known 
that they are 45° and therefore should be represented by green bands. The dominance 
of the front and back wall echoes is proposed as a reason for this misrepresentation. 
The front and back wall echoes are said to be large, when compared to the reflections 
seen at the resin layers between plies, due to the acoustic impedance between the 
composite and the water. This difference may be responsible for “masking the required 
resin layer reflections” on the outer plies. 
 
A further discrepancy with the system is that when a cross-sectional view is taken (as in 
the left-hand side of Figure 14) a double ply, i.e. two adjacent plies with the same fibre 
orientation, cannot be identified. However, using the instantaneous phase data (right-
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hand side of Figure 14) these can be identified. (Instantaneous phase is described in the 
further section ‘2.5.2 Instantaneous Parameters’). The identification of ‘double plies’ 
can be aided by the inclusion of a “ply location overlay” (Nelson, 2019). By overlaying 
the ply location (obtained from instantaneous phase data) onto the fibre orientation 
map, all plies can be identified.  
 
Khan (2019) focuses on the change in tow (or yarn) orientation as a subsequent effect 
of draping or shearing of composite fibres. It is said that “Ultrasonic inspection can be 
used for the inspection of the finished composite part but not for stacks of dry textiles 
due to the lack of solid medium to propagate wave”. However, it is unclear as to why, 
or who, within industry would want to investigate the dry stack of fibres. Focusing on 
the 2D analysis (in-line with this thesis), a biaxial 0°/90° carbon fibre was manufactured 
on a stitch-bonding machine. Three different ‘stages of shearing’ were tested, at ‘pre-
calculated angles’: 
 
1. “Shearing at 0° i.e. non-sheared preform, 
2. Shearing at 18° i.e. where first wrinkle appears on preform 
3. Shearing at 40° i.e. maximum shearing applied by the shearing frame before 
tear.” 
 
The analysis was to investigate whether or not wrinkles were formed as a result of 
sheared samples and if this could subsequently be identified following eddy current 
testing. Figure 15 shows the results from the three angles of shearing mentioned and it 
can be seen that angles are highlighted on the images. However, there is no discussion 
on how these angles are determined. It would also appear from further results seen in 
the paper that not all of the tows have been imaged. 
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Figure 15: A biaxial 0°/90° carbon fibre was manufactured on a stitch-bonding machine with three different stages 
of shearing (0°, 18° and 40°) and tested using eddy currents. The collected images at these three shearing angles 
are presented with yarn orientations highlighted. (Khan, 2019) 
 
Lastly, whilst not obviously related to NDT, the investigation conducted by Sing (2018) 
is important to discuss here. The investigation is undertaken to create the capability to 
model sheared unit cells in FE, in order to be able to more accurately understand the 
effects of more complicated 3D shape manufacture on mechanical properties. It is noted 
that “Traditionally the effect of fabric shear during manufacture has not been 
considered in FE simulations due to the difficulty in determining shear angles, shear 
regions, mechanical property of the sheared region, and how to apply sheared 
properties in macro scale models”.  Sing (2018) develops a system which can apply the 
properties of the shear unit cell to the simulation. However, this is all based on simulated 
data. If the angle of the shear could be taken directly from NDT results, the subsequent 
FE analysis would be more ‘true’ to the actual component. 
 
In summary, using ultrasonic NDT and developed post-processing capabilities the ply 
stacking sequence can be determined for a uni-directional carbon fibre composite. 
However, as can be seen from the reviewed literature this capability does not currently 
exist for woven composites. It is also vital to note the importance of post-processing the 
ultrasonic data. Sing (2018), also shows just how important the analysis of shear 
deformation is; by expanding this further it can be discussed how the knowledge of a 
unit cell, understood from NDT, could potentially be. 
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2.5 Solution	Toolset	
2.5.1 Miller	Indices	
Miller indices are most commonly known for their use in crystallography. 
Crystallography, the investigation of crystals, can be considered a branch of science in 
its own right. It is known that crystals are made when a unit cell is repeated; gradually 
becoming the 3D shapes we associate with crystals. This identification of the unit cell is 
the same principle as the weave types highlighted in Figure 3.  
 
To understand Miller Indices, a number of key crystallographic terms need to be 
described. The crystal is made up of the repeating unit cell, this unit cell however, it 
made up of atoms. Theoretically, points subsequently forming a lattice, can replace the 
locations of these atoms. This can be seen in Figure 16.  
 
 
 
Figure 16: A depiction of the unit cell is shown here. In relation to crystallographic terms, each unit cell is made up 
of eight lattice points (found at the locations of the atoms). The right hand side of the image shows how these 
individual unit cells form a lattice structure, or crystal. (Rice University (2019)) 
 
The unit cell has dimensions of axis length (a, b and c) the angles between the lengths 
are defined as (α, β and γ). Their relationship is shown in Figure 17. 
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Figure 17: The unit cell shown in Figure 16 is shown here with nominal dimensions. The unit cell has dimensions of 
axis length (a, b and c) and the angles between those lengths (defined as α, β and γ). (Rice University (2019)) 
 
There are seven lattice systems within crystallography, three of the resultant unit cells 
are shown in Figure 18. 
 
 
Figure 18: There are seven different lattice systems in crystallography, three of the resultant unit cells are pictured 
here (simple cubic, body-centered cubic and face-centered cubic. In crystallography lattice point locations 
represent the centre of the atom. The unit cell of the lattice systems (pictured bottom) are repeating units, which 
when repeated make up the crystal. It is proposed here that a repeating pattern exists within a weave and can be 
used in the analysis of composite samples. (Rice University (2019)) 
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It is at this point that the Miller Indices can be introduced properly. Effectively the series 
of Miller Indices are a set of three integers in the form (hkl) that designate 
planes/surfaces within the crystallographic unit cell. The integers are assigned based on 
where the plane/surface intercepts the x-, y- and z-axes respectively. If the 
plane/surface intercepts the axis at the point defined by a lattice point, the designated 
integer is 1. If it is half that distance along the axis it becomes 1/2, twice that distance is 
2 etc (Hammond, 1992). Figure 65 highlights their use in this thesis. 
 
When the plane/surface is parallel to an axis, it inherently will never intercept it, 
therefore the Miller Indices could be argued to be infinity (∞). The last step in the 
identification of a set of Miller Indices is to take the reciprocal; it should be noted here 
that reciprocal of a whole integer is taken as that integer (the reciprocal of 1 is 1, of 2 is 
2 etc.). The reciprocal of ∞ is 0 and finally the reciprocal of ½ is 2.  
 
A negative integer indicates that the plane/surface intersects the axis on the negative 
side from the origin. A series of Miller Indices of planes/surfaces can be seen in Figure 
19. 
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Figure 19: Unit cells are pictured here, with the x-, y- and z- axes highlighted. A variety of different planes/surfaces 
are shown within the unit cells and their corresponding Miller Indices are noted. If the plane/surface intercepts the 
axis at the point defined by a lattice point, the designated integer is 1. If it is half that distance along the axis it 
becomes 1/2, twice that distance is 2. (Lokesh, (no date)) 
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2.5.2 Instantaneous	Parameters	
During this section (‘2.5.2 Instantaneous Parameters’), the analysis tools/functions will 
be explained alongside some examples of how, if at all, they are being currently used. 
Firstly a few definitions are included below: 
 
• Amplitude (A): the maximum strength of a wave measured from its point of 
equilibrium. The amplitude is shown in Figure 20 by the orange arrow. 
• Frequency (f): measured in Hertz (Hz), it is the number of waves that pass in an 
allotted time period of one second. Three different frequencies are shown in 
Figure 21. 
• Period (T): measured in seconds, period is the time taken for one complete wave 
to get to a given point. Period is the inverse of frequency i.e. T = 1/f.  
• Wavelength (λ): the physical length measured from a point on the wave, to the 
same point on the next wave, shown by the green arrow on Figure 20. 
• Real signal: each independent variable has a real value i.e. is not a complex 
number. 
• Analytic signal: the positive frequency components of a wave (the real signal). 
• Phase (Pθ): the phase specifies a location of a point on a waveform, expressed in 
either degrees or radians and can be determined by the initial displacement of 
the waveform when t = 0. 
• Angular frequency (ω): the frequency at which the phase changes, or the 
number of resolutions that occur in a certain amount of time. 
• Instantaneous phase: the time variant angle from the initial condition of phase 
at t=0. 
• Instantaneous frequency (fINS): is the time derivative of the instantaneous phase. 
• Instantaneous amplitude (AINS): the magnitude of the resultant analytic signal. 
• Hilbert Transform (H(t)): A mathematical operator that works out the other 
(imaginary) parameter from a real signal based on the conservation of energy 
theory. 
• Radon Transform: pictured in Figure 22, the Radon Transform computes a 
projection (of line integrals) of a two dimensional function at specified directions 
offset from the origin. (Described in more detail in Figure 59) 
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• Fourier Transform: a mathematical transform that decomposes a function into 
its sin and cosine components. 
 
 
 
 
Figure 20: A simple sketch of a wave is shown here. The wave can be seen in blue, oscillating about a central axes 
(the black x-direction line). The vertical orange arrow depicts the amplitude of the wave, whilst the horizontal 
green arrow depicts the wavelength of the wave. 
 
 
 
Figure 21: Three different frequencies of waves are sketched here; 3Hz (top), 6Hz (middle) and 9Hz (bottom). 
Frequency is the number of waves that pass in an allotted time period of one second.  
 
Following the above definitions or important parameters, it is necessary to outline the 
associated equations: 
 
Equation 1: Angular frequency (w) is the frequency at which the phase changes, or the number of resolutions that 
occur in a certain about of time; where time (t), frequency (f) and phase (Pq). 𝜔 =	 FGH = 2𝜋𝑓 Or 𝜔 =	 LMNLH  
 
 
Equation 2: Instantaneous frequency (fINS) is the time derivative of the instantaneous phase; where time phase (Pq). 𝑓OPQ = 	 12𝜋 	 ∙ 	𝑑𝑃V𝑑𝑡  
3Hz$
9Hz$
6Hz$
One$second$
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Equation 3: Simple harmonic motion (x(t)) is an oscillatory motion which can be calculated using amplitude (A), 
frequency (f), time (t) and phase (Pq). 𝑥(𝑡) = 	𝐴	 ⋅ sin	(2𝜋𝑓𝑡 +	𝑃V) 
 
 
Equation 4: The Analytic signal (AS) is the positive frequency components of a wave (the real signal) and can be 
calculated using the instantaneous amplitude (AINS) and instantaneous phase (fINS) 𝐴Q = 	𝐴OPQ𝑒_f`ab 
 
 
Equation 5: The Hilbert Transform (H(t)) works out the other (imaginary) parameter from a real signal based on the 
conservation of energy theory; where frequency (f), time (t) and integers (xIN) 𝐻(𝑡) = 1𝜋d 𝑓(𝑥OP)𝑡 − 𝑥OPefe 𝑑𝑥 
 
 
Equation 6: Fourier Transform (F(w)) is a mathematical transform that decomposes a function into its sin and cosine 
components; where frequency function (f(t), angular frequency (w) and time (t). 𝐹(𝜔) = 	d 𝑓(𝑡)𝑒fhiHefe 𝑑𝑡 
 
An example of a real equation is the one for simple harmonic motion (Equation 3), and 
Equation 4 is the analytic signal as a result of applying the Hilbert Transform, where AINS 
is the instantaneous amplitude and fINS the instantaneous phase.  
 
Johansson (no date) describes how the Hilbert Transform can be used when processing 
signals. An analytic signal can be created from a real signal using the Hilbert Transform. 
This is desirable in many instances of post-processing; put simply the real signal contains 
limited information but the analytic signal can provide further data analysis. That 
subsequent analytic signal can then be written with both an amplitude and phase. As 
explained above, the instantaneous frequency is the derivative of this phase. Johansson 
(no date) writes “Instead of studying the signal in the frequency domain it is possible to 
look at a rotating vector with an instantaneous phase j(t) and an instantaneous 
amplitude A(t) in the time domain”.  
 
It can be said that a Radon Transform processes two key stages: firstly, it projects lines 
on to a single plane and secondly it looks at variations along that single plane. Figure 22 
shows a schematic of this projection. Further explanation of the Radon Transform can 
be found in ‘4 2D Weave Classification; Inversion Processes’. 
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Figure 22: An initial illustrative sketch of Radon Transform projection of two profiles (Deans, 1983). The radon 
transform can be split into two processes. Firstly, it projects lines on to a single plane and secondly it looks at 
variations along that single plane. A more detailed schematic diagram, with further explanation, can be seen in 
Figure 59. The points at which the warp and weft tows cross over can be deemed lattice points – reviewed later in 
‘4.2.5 Individual Weave Characteristic Lines’. 
 
It has been important to give explanation of the parameters above to be able to analyse 
how the parameters and functions are used in conjunction with ultrasonic NDT. 
 
2.5.2.1 Instantaneous	parameters	in	NDT	
The stacking sequence element of Smith (2019) has already been reviewed in “NDT for 
the Evaluation of Ply Stacking Sequence/Fibre Orientation” but here it is the Radon 
Transform method applied which is of interest. In a literature review conducted by Smith 
(2019) techniques including Radon Transform, Fast Fourier Transform and rotated filter 
have all been used for measuring fibre orientations. Radon Transforms are said to be 
suitable for the detection of fibre orientation because “they can be used to generate 
angular distribution from a 2D image containing multiple orientations”. A dominant 
angle can be established by further processing; this is where a Radon Transform method 
is developed.  
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The process described by Smith (2019) can be clearly divided into steps, which are 
explained here: 
 
1. The Hilbert Transform is applied to the pulse-echo waveforms acquired during 
the scanning of the sample, producing a series of analytic signals. (As explained 
above, this inherently means that the relevant instantaneous amplitude and 
instantaneous phase data is available.) 
2. The 2D instantaneous amplitude image has the Radon Transform applied, 
resulting in the production of 1D angular distribution.  
3. The dominant angle is calculated and the process repeated at all locations in the 
3D data set (from the waveforms). 
The process itself is described in further detail in the paper, but this review is enough to 
give an overview of current uses with ultrasonic NDT data. 
 
Nelson (2018) documents the same process and the application of the Hilbert 
Transform. In this case, however, the instantaneous amplitude data is used to define the 
front and back surfaces of the sample. This is proven to work well for the front surface 
but the back surface is variable due to disruptions from defects in the sample. Nelson 
(2018) goes on to explain how the phase data can be used to address this variability; 
“Modeling predictions show that the front surface exhibits a phase of ϕ0 whilst the 
phase at the back surface is ϕ0 - π, where ϕ0 is the phase at peak amplitude of the 
input pulse.” An estimation of ϕ0 can be made from the instantaneous amplitude data.  
 
Nelson (2018) confirms, “The ultrasonic phase has the potential to map ply interfaces”. 
Again, this is not an in-depth review of the method, rather a look at the use of 
instantaneous parameters within the post-processing of ultrasonic NDT data. 
 
Kazys (2008), although testing on polymer samples rather than composites, documents 
the use of the Hilbert-Huang Transform. It is implemented in order to address a problem 
of high attenuation; if a defect is close to the surface, there is the chance that it may be 
missed by the ultrasonic NDT data owing to the significantly strong front wall echo. The 
Huang element of the Transform is beyond the scope of this review (but described 
briefly it decomposes the wide band ultrasonic signal into narrow-band intrinsic mode 
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functions. Band, or bandwidth indicates the range of frequencies the transducer is 
capable of). The Hilbert Transform however, is used to calculate both the instantaneous 
frequency and instantaneous amplitude that can subsequently be displayed as a 3D plot 
of time, frequency and amplitude. 
 
Tiwari (2017) proposes a hybrid technique that combines three distinctive signal-
processing techniques. A wind turbine blade segment manufactured from GFRP with 
two disbonds (of 15mm and 25mm diameter) is analysed. In a more general sense, it is 
said that there are two stages in signal processing; ‘denoising’ the signal to increase the 
signal-to-noise ratio and the subsequent extraction of defect information using a 
suitable method. The processing is applied to the acquired B-scan. Below is a description 
of the three techniques (where two are combined) and the reason for their application: 
 
• “The wavelet transform and cross-correlation techniques have been combined 
in order to extract the approximated size and location of the defects and 
measurements of time delays. 
• Thereafter, Hilbert-Huang transform has been applied to the wavelet 
transformed signal to compare the variation of instantaneous frequencies and 
instantaneous amplitudes of the defect-free and defective signals” 
The literature discussed within this section (‘2.5.2 Instantaneous Parameters’) shows 
that by post-processing acquired ultrasonic data, the instantaneous properties of 
frequency and amplitude can be found. The primary reason for this post-processing is 
to enable detail that is not readily seen in the standard A-, B- and C-scans.  
2.6 Summary	
Firstly, during this literature review, NDT with respect to composites was analysed. This 
included looking at a number of different techniques, why they are used and their 
limitations. Following this review, it was concluded that ultrasonic NDT is the best 
technique to use during this thesis. Reasons for choosing ultrasound included 
portability, a proven record of identifying defects in carbon fibre components, and it is 
a system currently used within the Formula 1 industry (considered to be the end 
customer here). Limitations of the system were discussed which included issues with 
access to the component and speed of scanning. However, it is deemed that these are 
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a negligible trade-off for the improved post-processing and larger data set for 
components. 
 
Having chosen to go forward with ultrasonic NDT, the use of methods in determining 
stacking sequence and fibre orientation was investigated. Whilst methods exist for 
unidirectional composites a very limited amount of research has been undertaken for 
woven composites; Smith (2009) documents an initial look and highlights potential key 
angles, also suggesting how those angles could be seen to change if the weave was to 
be stretched. No further work has been found in this area. 
 
The toolset for addressing the aims and objectives in this thesis and providing a solution 
has been identified and described. This included Miller Indices, more commonly seen in 
crystallography and instantaneous parameters. A section on pattern classification can 
be seen in “Appendix Two: Pattern Classification”. Finally, the use of instantaneous 
parameters in conjunction with data from ultrasonic NDT was investigated, highlighting 
the benefit of post-processing in determining more information than the standard 
acquired data can provide.  
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3. Optimisation	of	data	acquisition	and	pre-processing	
The quality of the data which is acquired during any NDT investigation should not be 
underestimated. During this chapter parameters affecting both the acquisition and any 
pre-processing are discussed. 
3.1 Introduction	
The main aim of this PhD thesis is to be able to use non-destructive testing data to 
characterise 2D weaves and map distortions and deviations from the design. It is 
important for this characterisation that the 3D ultrasonic data set is of high quality and 
is not itself distorted due to artefacts or anomalies in the ultrasonic propagation. The 
objective is that an in-plane slice through the data at a given propagation time 
corresponds to the same depth in the structure over the whole scan and is, therefore, 
within the same woven ply. [Where an in-plane slice is parallel to the plies and an out-
of-plane slice would lie perpendicular to the plies]. 
 
For optimum data quality, it has been established during ply-tracking work, (Smith, 2010 
and Smith et al, 2016) that the centre frequency and bandwidth of the ultrasonic field 
should be roughly equal to the fundamental resonance of the plies in the composite. 
However, that previous work related to unidirectional pre-preg composites and the 
literature review has shown that so far is has not been established how to apply this to 
2D woven composites; in particular, whether to use the thickness of the woven fabric 
ply, or half that thickness (tow thickness), to create unambiguous data that contains 
symptoms of deviations from design such as weave distortions. The thickness of a single 
2D woven ply includes two tow areas. 
 
A further requirement for data acquisition is to use an ultrasonic beam that is small 
enough to resolve the tows in the woven fabric. Smith (2010) suggested that, for fibre 
tows in unidirectional composite, the focal beam width should be less than the tow 
width. Furthermore, the focal plane should be at the mid-plane of the material in order 
to provide maximum depth of field.  
 
The main cause of distortions in the 3D ultrasonic data is the dependence of ultrasonic 
velocity on the fibre volume fraction. Prior work has shown that this is a much bigger 
problem for glass-fibre than carbon-fibre composites, as shown in Figure 23. However, 
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anecdotal evidence from viewing B-scan cross-sectional slices through 2D woven 
composites suggested that the plies become less and less distinct with depth in the 
structure and this has not been investigated or reported in the literature. The crucial 
issue here is whether the lack of distinction of plies is indicative of changes in the time-
of-flight to a deeper ply that are comparable with a ply thickness. If so, this would cause 
uncertainty about which ply any data point (in a given in-plane slice) comes from.  
Remembering that an in-place slice is wanted to represent one single ply. 
 
 
Figure 23: The relationship between fibre volume fraction and ultrasonic compression velocity is shown here. Fibre 
volume fraction is seen to have a limited effect on a carbon fibre composite (only varying approximately 100m/s 
between 0 and 0.8 fibre volume fraction). By contrast, the effect of fibre volume fraction on glass fibre composite 
can be seen to a much larger effect (varying approximately 1000m/s between 0 and 0.7 fibre volume fraction). 
(Smith, 2010). 
 
This chapter highlights the importance of using optimum data and how this can be 
achieved by adjustment of a number of acquisition and pre-processing parameters. Pre-
processing of ultrasonic data is described and a statistical model is used to establish 
whether apparent undulations in the plies (seen in initial testing, picture in Figure 34), 
visible in the ultrasonic B-scan cross-sections, will gradually increase in amplitude with 
depth to an extent that a velocity correction for accurate post-processing 3D slicing is 
required. 
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3.2 Data	Acquisition	
This section (‘3.2 Data Acquisition’) discusses the acquisition requirements for a 
propagating ultrasonic wave in order to gain the best data possible to continue with the 
post-processing. 
3.2.1 Acquisition	parameters	
With any form of data acquisition there is often a trade-off between different 
parameters. The optimum values for these parameters will depend on the required 
outcome and the relationship of the parameters to one another. There are four main 
independent properties of a propagating ultrasonic wave that need to be considered for 
this work: amplitude, velocity, frequency, and beam shape.  They will be addressed 
individually in the following sections (‘3.2.2 Amplitude’, ’3.2.3 Velocity’, ‘3.2.4 
Frequency’ and ’3.2.5 Beam Shape’).  
 
Fibre-reinforced composites are anisotropic; the stiffness varies for different directions 
of applied stress and resultant strain. (Carbon fibres themselves are highly anisotropic 
whilst glass fibres are isotropic). Nevertheless, just the fact that the fibres are aligned to 
a particular direction means that the resulting fibre-epoxy composite will have 
anisotropic properties even for glass fibres. This anisotropy complicates the ultrasonic 
propagation and makes the modelling of that propagation very complex.  
 
For the purposes of this thesis, it will be assumed that the ultrasound is applied at nearly 
normal incidence to the fibres, such that the relevant stiffness is the through-thickness 
compression modulus, ‘M’, of the composite plies. The compression modulus assumes 
that lateral strains are constrained to zero, which is appropriate for ultrasonic 
frequencies and large lateral sizes of panel. Figure 23 uses the compression modulus to 
calculate the velocity, together with mixture rules for combining fibres with resin 
published by Hashin (1965 and 1979). The Hashin mixture rules are discussed in more 
detail in ‘3.5.1 Fibre volume fraction dependence of velocity’. 
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It is also worth noting that within ultrasonic NDT there are four main wave modes, which 
principally exist to detect defects in different circumstances. They are described below: 
 
1. A compressional wave is a longitudinal wave in which the particle motion is in 
the same direction as the propagation of the wave.   
2. A shear wave is a wave motion in which the particle motion is perpendicular to 
the direction of the propagation. These propagate at approximately half the 
velocity of compression waves and this fact can often be used to distinguish 
between the two. It is difficult to generate shear waves directly and they are 
usually mode-converted from compression waves at oblique boundaries 
between materials. 
3. Surface (Rayleigh) waves have an elliptical particle motion and travel across the 
surface of a material. Their velocity is approximately 90% of the shear wave 
velocity of the material and their depth of penetration is approximately equal to 
one wavelength.   
4. Plate (Lamb) waves have a complex vibration occurring in materials where 
thickness is less than the wavelength of ultrasound introduced into it. 
 
An assumption will be made in this thesis that only normal-incidence compression waves 
are excited in the structure. With any NDT method there is a set of standard data 
gathered as part of the process and for ultrasound this is the full waveform (the Radio-
Frequency; RF waveform from here on in), from which amplitude or time-of-flight (ToF) 
measurements can be made for a given time window or ‘gate’.  
 
The ToF is the time taken for the wave to travel through the component being inspected 
to a given boundary that reflects enough ultrasound to trigger a threshold for a ToF to 
be measured. When these two parameters are analysed together, it is possible to 
calculate the thickness of the component and the depth of any identified defects 
provided the ultrasonic velocity is known. By scanning across the entirety of the surface 
the length of any defect can also be determined.  
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3.2.2 Amplitude	
One of the most important attributes of the wave amplitude is the resultant Signal to 
Noise Ratio (SNR). The SNR is defined as the ratio of the amplitude of the signal from a 
feature of interest to the amplitude of any undesired noise. The sensitivity of the 
inspection to a defect is limited by the resultant SNR; the smaller the SNR the harder the 
detection of any defects present in components. Noise, in a general sense, is defined as 
any unwanted interference that results in the degradation of the signal and is generally 
either incoherent (time varying) such as electronic noise, or coherent (spatially varying 
but time-invariant) such as from structural variations. Temporal noise can be further 
split into digital and analogue noise.   
 
Therefore, in a general ultrasonic system a higher SNR is desirable. A more powerful 
transducer can increase the SNR relative to incoherent noise that is independent of the 
transmitted ultrasonic signal. However, the noise present as a result of reflections and 
scattering will inherently increase with amplitude and is unaffected by the transducer 
drive voltage so a balance needs to be struck here. Digital SNR is limited by the dynamic 
range, which depends on the number of bits of digitisation used. Digital noise is caused 
by the requirement of an analogue-to-digital converter to decide which digital level to 
use to classify an analogue signal level. For 8-bit digitisers, the range is divided into 256 
digital levels whereas a 16-bit digitiser uses 65536 levels, making digital noise much less 
significant. All the data acquired for this thesis used an 8-bit digitiser. 
 
The use of a Depth Amplitude Correction (DAC) when acquiring the ultrasonic data 
allows for some of the loss in amplitude through the component’s depth and can 
increase the SNR, especially if applied before digitisation of the signal. The deeper into 
the component a reflector (defect) is, the smaller the response amplitude of the 
reflected signal. This is due to bulk attenuation in the material and possibly also beam 
spread (discussed below in ‘3.2.5.2 Planar (unfocused transducers)’). Signal attenuation, 
as a function of depth, is corrected by the DAC, allowing defects to appear to give the 
same signal regardless of their depth within the component.  
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An example of a DAC can be seen in Figure 24, where FSH is full screen height (referring 
to a generic ultrasonic flaw detector screen) and TCG is time corrected gain (ultimately 
resulting in the same outcome as DAC). 
 
 
 
Figure 24: An example of a distance amplitude curve is shown here. When acquiring the ultrasonic data, DAC allows 
for some of the loss in amplitude through the component’s depth and can increase the SNR, especially if applied 
before digitisation of the signal. The deeper into the component a reflector (defect) is, the smaller the response 
amplitude of the reflected signal. This is due to bulk attenuation in the material and possibly also beam spread. 
Signal attenuation, as a function of depth, is corrected by the DAC, allowing defects to appear to give the same 
signal regardless of their depth within the component. (BINDT, 2013) 
 
When applying a DAC at acquisition time, before digitisation, the loss in digital SNR due 
to attenuation is overcome. However, this does not change the analogue SNR. It should 
also be noted at this juncture that a DAC could also be applied during post processing. 
Whilst this does not improve the SNR, it is useful for getting an even amplitude of ply 
reflections through the component depth. 
3.2.3 Velocity	
As previously highlighted (Figure 23) the velocity of an ultrasonic wave in a composite 
material is directly affected by the fibre volume fraction and the angle of propagation 
relative to the fibre direction. For the purposes of this chapter, only normal incidence is 
considered. In order to calculate the effective velocity perpendicular to the fibres in a 
fibre-reinforced composite, special mixture rules must be used when the fibres are 
closer together than a wavelength, as is usually the case for the velocity through a fibre 
tow in a polymer resin matrix (Smith, 2010). However, when calculating the effective 
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velocity for a woven structure, there are significant regions of resin. For the combination 
of these with the fibre-tow regions, it is acceptable to use a simple volumetric mixture 
rule (discussed further in ‘3.5.1 Fibre volume fraction dependence of velocity’). 
3.2.4 Frequency	
For ultrasonic NDT, in a general sense, it is said that the frequency range is 100 kHz to 
50 MHz and as mentioned previously, in ‘3.1 Introduction’, for the inspection of 
composite components, it is known that the optimum frequency for ply imaging is the 
fundamental resonance of the plies. This is inversely proportional to the ply spacing 
(Smith, 2016).  
 
The ply spacing, ‘Sp’, in a uni-directional composite can be described as one ply thickness 
plus one resin layer. It is acceptable to define ‘Sp’ as the total thickness divided by the 
number of plies. Equation 7, which is based on the fundamental resonance being when 
a half wavelength equals the ply spacing, is used to calculate the resonance frequency 
of the plies and, as such, the frequency of the transducer that should be used.   
 
Equation 7: The Resonance Frequency of a single ply within a composite; where ultrasonic velocity through a 
material (v) and ply spacing (Sp). 𝑓j = 	 𝑣2𝑆m 
 
With respect to woven composites it is currently unclear as to whether or not to use the 
thickness of a woven fabric ply, or half of this value (i.e. the tow thickness). This 
thickness, or spacing, is required to create unambiguous data that contains symptoms 
of deviations from design, such as weave distortions. 
3.2.5 Beam	Shape	
Beam shape is the last of the four main independent properties of a propagating 
ultrasonic wave and is discussed in the forthcoming sections (‘3.2.5.1 Defect detection 
and sizing’, ‘3.2.5.2 Planar (unfocused transducers)’ and ‘3.2.5.3 Focused Transducers’).  
3.2.5.1 Defect	detection	and	sizing	
The beam shape has a direct effect on both the detection of any defects within the 
component under test and the capability to size those defects. Parameters which effect 
this include the lateral resolution which is discussed below in ‘3.2.5.1.1 Lateral 
resolution’.  
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3.2.5.1.1 Lateral	resolution	
For lateral resolution, Martin et al. (2010) state, “A general rule of thumb is that a 
discontinuity must be larger than one-half the wavelength to stand a reasonable chance 
of being detected”. But that is not the whole story as wavelength is just one limiting 
factor. Lateral resolution is fundamentally limited by the size of the beam at the 
reflecting or scattering feature because the pulse-echo response is averaged over that 
beam. The size of the beam in the focal plane is fundamentally limited by the wavelength 
but is also dictated by the f-number as well, as explained below. The f-number is a 
transducer property defined by the ratio of focal length to aperture width.  3.2.5.1.2 -6dB	Drop	Defect-Sizing	Method	
In order to describe further resolution issues in the following treatment, the -6dB drop 
method needs to be explained. 
 
The -6dB drop method is used to establish the position of edges of a defect. Smith (1994) 
states that this method is also known as the full-width half-maximum (FWHM) method, 
specifically for the width of a defect. ‘The -6dB full-width half-maximum beam profile, 
given by Equation 8. The greater the aperture, the better the LR. With increased 
aperture, the beam has higher acoustic energy, and hence, the image signal-to-noise 
ratio (SNR) is improved.’ (Bhunia et. al, 2015). 
 
Equation 8: “Lateral resolution (LR) -6dB full-width half-maximum beam profile where l is the wavelength, F is 
the focal depth and L is the active aperture length. The greater the aperture, the better the LR. With increased 
aperture, the beam has higher acoustic energy, and hence, the image signal-to-noise ratio (SNR) is improved.” 
(Bhunia et. al, 2015). 𝐿𝑅 = 0.4𝜆(𝐹𝐿) 
 
Smith (1994) states that “The principle is that when the defect obscures half of the beam 
then a back-wall echo will drop by -6dB and, if the defect edge is straight, then the centre 
of the probe will be over the edge of the defect”. However, the paper by Smith (1994) 
explains the errors that can occur due to curvature of a defect edge when using the -
6dB drop method. 
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Assuming constant reflectivity across a defect as well as a constant depth, when the 
probe is moved away from the defect (leaving half of the beam area being reflected by 
the defect) the reflection should also drop by -6dB. 
3.2.5.2 Planar	(unfocused	transducers)	
Figure 25 shows a simplified representation of beam cone, highlighting the variable (N) 
which is known as the near field distance. The near field distance defines the region 
where ‘the wave field is garbled by the interaction of multiple waves from all parts of 
the transducer surface’. (Lempriere, 2002). The region beyond (N) is known as the far 
field and the ‘transducer waves coalesce to produce a plane wave whose on-axis 
intensity decreases inversely with distance’ (Lempriere, 2002). The near field distance 
can be calculated for a circular plane piston transducer if the element diameter (D), 
frequency (f) and material sound velocity (v) are known (Equation 9). 
 
Equation 9: Near field distance marks the location of the natural focus point of ultrasonic transducers and can be 
calculated using the diameter transducer element (D), frequency (f) and ultrasonic velocity through a material (v). 
(Lempriere, 2002). 𝑁 =	𝐷F𝑓4𝑣  
 
  
 
Figure 25: A simplified representation of beam cone highlighting the near field distance (N). Where the near field 
distance defines the region where ‘the wave field is garbled by the interaction of multiple waves from all parts of 
the transducer surface’  (Lempriere, 2002) 
 
When under long tone-burst or continuous excitation the wave in the near field 
fluctuates so much that it is very difficult to get information on any defects within this 
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zone. The best part of the wave to use in the analysis of components, in this instance, is 
the beginning of the far field, at the natural focus. Therefore, it is important to 
understand these parameters of the transducer within the ultrasonic system being used. 
However, this complex structure in the near field is not the case when the transducer is 
driven with pulsed waveforms because then there is no interaction between the plane-
wave and edge-wave components where they are separated in time; within a central 
cone known as the plane-wave region. 
 
Smith (1994) analyses ultrasonic beam profiles as part of an investigation into sizing of 
defects. The face of a transducer can be modelled as an infinitely large oscillating plate 
(producing a plane-wave) added to an infinite plate with a circular cut out oscillating in 
anti-phase with the plane-wave, producing the edge-wave. Ultimately, at an infinite 
distance, the two waves cancel out as they are out of phase with each other. However, 
nearer to the transducer, the combined plane wave and edge wave create the last axial 
maximum due to the constructive interference caused by a phase difference of π radians 
between the direct plane-wave path and the edge-wave’s path to the edge of the 
transducer. Nearer to the transducer than this is a conical region where the plane wave 
and edge wave are separated in time and do not interfere.  
 
Figure 26 shows a simulation of both continuous and pulsed excitation beam profiles 
and it can be seen that, for a continuous excitation, the two waves (plane-wave and 
edge-wave) are interfering heavily with one another. However, for the pulsed excitation 
this is not the case and it has been shown experimentally in an amplitude profile that 
the amplitude remains constant across this plane wave region (Smith, 1994). This is a 
more preferable part of the beam to use for the analysis of attenuation in components 
as the detection of defects is much less affected by the near field than in continuous 
wave analysis. 
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Figure 26: Simulated profiles of a continuous wave (top) and pulsed plane wave (bottom) are shown here. It can 
be seen that, for a continuous excitation, the two waves (plane-wave and edge-wave) are interfering heavily with 
one another. However, for the pulsed excitation this is not the case and it has been shown experimentally in an 
amplitude profile that the amplitude remains constant across this plane wave region. This is a more preferable part 
of the beam to use for the analysis of attenuation in components as the detection of defects is much less affected 
by the near field than in continuous wave analysis. (Smith, 1994). 
 
In addition to the consideration of the near and far field is the fact that all transducers 
have a beam spread that is caused by the divergence of the beam. It can be reduced 
with one of, or both, a higher frequency or larger diameter transducer as shown by 
Equation 10. 
 
Equation 10: Ultrasonic transducer beam spread half-angle caused by divergence of a beam can be calculated using 
angle (g0), frequency (f), diameter of transducer element (D) and ultrasonic velocity through a material (v) 
(Lempriere, 2002).  𝛾v = asin	(1.2𝑣𝑓𝑑 ) 
 
The beam spread half-angle expressed in Equation 10 can be seen pictorially in Figure 
27. 
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Figure 27: Illustration of a transducer beam where the half-angle of the beam is represented by g0. The beam angle 
are determined by the size of the source in relation to the wavelength, so that the beam will differ when a 
transducer is used on different materials. (Lempriere, 2002). 
 
The wider the beam spreads, the lower the amplitude of any reflections that are seen. 
This is because the more spread out a beam is, the weaker the signal at any one point 
on the surface of the component. There is also a secondary issue in that due to the 
spread, there is the inherent possibility of more reflections or scattering from sections 
of the component that may be outside of the area currently being inspected, making the 
interpretation of the area of interest more difficult. 
3.2.5.3 Focused	Transducers	
There are three configurations of immersion transducers, each designed with a specific 
purpose in mind. A flat, or unfocused, transducer has been discussed above (in ‘3.2.5.2 
Planar (unfocused transducers)’), and can be considered for general purposes or more 
specifically for penetrating thick components. A spot, or spherically focused, transducer 
is used when a higher resolution or sensitivity is required for smaller flaws. Finally, a line, 
or cylindrically focused, transducer is normally used when inspecting a curved 
component such as a tube. Figure 28 shows examples of cylindrical and spherical 
focused transducers. 
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Figure 28: A cylindrical transducer (left) and spherical transducer (right) are shown here. A cylindrical transducer is 
recommended for the inspection of curved surfaces whilst the spherical transducers is used when a higher 
resolution or sensitivity is required for smaller flaws (Olympus, 2010) 
 
The focusing of the transducer with relation to the component under investigation is a 
key factor in the quality of the data subsequently acquired. The focal length is the 
distance between the face of the transducer to the location of the maximum amplitude 
within the transducer’s sound field.  As previously described (in section ‘3.2.5.2 Planar 
(unfocused transducers)’) the last axial maximum for a flat (unfocused) transducer 
marks the natural focus at the near-field distance and therefore, a transducer cannot be 
focused for any distance that is greater than its own near-field distance.  
 
The focal length is an important parameter; during test set up, it is vital that the focal 
length falls within the component and not before or after. The material will affect the 
focal length of the transducer owing to the different velocity of ultrasound in that 
material compared with the water in which the focal length is usually quoted (for 
immersion transducers). The manufacturer’s quoted focal length is for the transducer 
acting in water only and by introducing a component of higher velocity, the focal length 
will be seen to shorten, but this depends on the velocity of ultrasound in that specific 
material. Using Equation 11 the resulting water path can be calculated, effectively taking 
into account the change in focal length. Where the water path denotes the distance 
between the transducer face and the front surface of the component (Figure 29). 
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Equation 11: Water path is calculated to take into account the change in focal length of an ultrasonic transducer 
when used in water; where water path (WP), focal length in water (F), material depth (MP), ultrasonic velocity 
through a material (v) and velocity in water (vw) (Olympus, 2010) 
 𝑊𝑃 = 𝐹 −𝑀𝑃 z 𝑣𝑣{| 
 
 
 
Figure 29: The focal point in water and the water path for transducers are illustrated here. The right hand side of 
the image shows how the water path is affected when a sample is placed for test. In this instance, the material 
depth is considered. (Olympus, 2010) 
 
The use of the correct transducer for the component is vital in ensuring that the data 
gathered is of the best quality it can be, i.e. when the focus is at the mid-plane of the 
material. This is aided by the knowledge of the component material, thickness and what 
is being investigated. For example, if small flaws are predicted, a spherical transducer 
would be recommended. 3.2.5.3.1 Beam	width	and	depth	of	field	
Beam spread is a change of beam width with axial distance and, as previously discussed 
(‘3.2.5.2 Planar (unfocused transducers)’), is vital in the understanding of where the 
focus point is of any individual transducer. The focal beam width of a pulse-echo 
transducer can be calculated using Equation 12 (where (𝑧~)	is the focal length of the 
transducer), with Figure 30 indicating these parameters. By focusing the ultrasonic 
beam, both higher sensitivity and higher resolution can be achieved. This occurs because 
focusing allows for a narrower more concentrated beam. Sensitivity is a measure of the 
size of the defect which can be identified whereas resolution is the ability of a system to 
distinguish between defects which are situated close together.  
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Equation 12: Pulse-echo focal beam width of a pulse echo ultrasonic transducer, calculated using wavelength (l), 
transducer element diameter (D) and transducer focal length (zf) (Smith, 2010) −6𝑑𝐵	𝑃𝑢𝑙𝑠𝑒	𝐸𝑐ℎ𝑜	𝐹𝑜𝑐𝑎𝑙	𝐵𝑒𝑎𝑚𝑤𝑖𝑑𝑡ℎ = 1.032 𝜆𝑧~𝐷  
 
 
 
Figure 30: The focal beam width can be calculated providing the parameters shown here are known. [Where D is 
the transducer diameter, zf is the focal length].(Smith, 2010) 
 
The depth of field can be described as the depth over which the ultrasonic beam remains 
in focus. The depth of field can be calculated using Equation 13 (Smith, 2010). Where 
the f-number is a transducer property defined by the ratio of focal length to aperture 
width. 
 
Equation 13: Depth of Field is the depth over which the ultrasonic beam remains in focus and can be calculated 
using wavelength (l) and f-number (fn). The f-number is a transducer property defined by the ratio of focal length 
to aperture width. 𝐷𝑒𝑝𝑡ℎ	𝑜𝑓	𝐹𝑖𝑒𝑙𝑑 = 	𝜆𝑓F 
 
3.3 Optimisation	of	Parameters	
The preceding sections ((‘3.2.5.1 Defect detection and sizing’, ‘3.2.5.2 Planar (unfocused 
transducers)’ and ‘3.2.5.3 Focused Transducers’) have identified just how closely linked 
the four ultrasonic parameters (amplitude, frequency, velocity and beam shape) are and 
the affect that they can have on the acquisition of ultrasonic data. It is vital that the 
optimisation of these parameters for a given material is understood, remembering that 
in this specific case one of the objectives is that an in-plane slice through the data at a 
given propagation time corresponds to the same depth in the structure over the whole 
scan and is, therefore, within the same woven ply.  
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It has already been highlighted that the centre frequency and bandwidth of the 
ultrasonic field should be roughly equal to the fundamental resonance of the plies in the 
composite for cases of uni-directional composites specifically (Smith, 2010 and Smith, 
2016) and the sections above (‘3.2.5.1 Defect detection and sizing’, ‘3.2.5.2 Planar 
(unfocused transducers)’ and ‘3.2.5.3 Focused Transducers’) have explored these 
relationships further and are summarised below: 
 
• Amplitude: one of the most important attributes of the amplitude of a wave is 
the resultant SNR. The sensitivity of the inspection to a defect is limited by the 
resultant SNR. The smaller the SNR the harder the detection of any defects 
present in components. 
• Velocity: the velocity of an ultrasonic wave in a composite material is directly 
affected by the fibre volume fraction and the angle of propagation relative to the 
fibre direction. 
• Frequency: the optimum frequency for ply imaging is the fundamental 
resonance of the plies. This is inversely proportional to the ply spacing. 
• Beam Shape: focal beam width and depth of field are parameters that describe 
the focus of the beam, dictated by the f-number of the transducer and the 
wavelength. 
 
By having an awareness of these properties, it is possible to select the best transducer 
for the component under analysis, and because the f-number is transducer specific, it is 
possible to calculate this value from manufacturer’s specifications. Smith (2010) 
provides some examples of the minimum and maximum f-numbers for components of 
given ply spacings and tow widths; in order to satisfy the thinking that the centre 
frequency and bandwidth of the ultrasonic field should be roughly equal to the 
fundamental resonance of the plies (for uni-directional composites) and the focal beam 
width should be smaller than the tow width. 
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Table 2: Examples of minimum and maximum f-number for various carbon- fibre composite material specifications 
are shown here. The table shows some values of minimum and maximum f-numbers, in order to satisfy the thinking 
that the centre frequency and bandwidth of the ultrasonic field should be roughly equal to the fundamental 
resonance of the plies (for uni-directional composites) and the focal beam width should be smaller than the tow 
width. (Adapted from Smith, 2010) 
 
Ply 
Spacing 
(mm) 
No. of 
Plies 
Tow 
Width 
(mm) 
Material 
Thickness 
(mm) 
Minimum 
f-number 
Maximum 
f-number 
0.1 64 1.0 8 4.6 8.0 
0.1 192 1.0 24 8.0 8.0 
0.3 64 1.5 16 4.6 6.0 
0.3 108 1.5 16 6.0 6.0 
0.3 64 2.0 16 4.6 8.0 
0.3 192 2.0 48 8.0 8.0 
0.3 256 3.0 64 9.0 12.0 
0.3 432 3.0 108 12.0 12.0 
 
The following section (‘3.5 Ultrasonic data distortion due to fibre volume fraction’) 
explores the effect woven composites have in terms of their fibre volume fraction and 
as such their velocity. 
3.4 Experimental	data	acquisition	
3.4.1 Immersion	scanning	optimisation	
The parameters discussed here are defined within the software of the immersion system 
[Ultrasonic Sciences Ltd. (USL) SCM12Xi] before the scan is undertaken. The immersion 
system can be seen in Figure 31, whilst a close up of a carbon fibre sample can be seen 
in Figure 32. 
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Figure 31: Image of the Ultrasonic Science Ltd. (USL) ultrasonic immersion scanning tank, model SCM12Xi, used to 
gather data for this thesis.  Key elements of the set up are identified. Firstly, the robotic arm is highlighted, there 
is a locator at the bottom of the arm where the ultrasonic transducer is attached. The sample is located below the 
water line (which is also highlighted). Finally, the x-, y- and z- directions of the robotic arm movement are 
highlighted. 
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Figure 32: An image of a carbon fibre composite under test in the Ultrasonic Science Ltd. (USL) ultrasonic immersion 
scanning tank, model SCM12Xi, used to gather data for this thesis. The composite sample is supported on metal 
cuboids (also highlighted in the image) which are approximately 10mm thick; the cuboids raise the sample off of 
the tank floor and ensure that the back wall echo of the sample is clearly distinguishable from the echo of the tank 
floor. (For clarity – the robotic arm and ultrasonic transducer have been moved out of the water for this image). 
 
Pre-processing is considered to be any process that occurs before the scan has been 
converted to a saveable file. Firstly, the pre-amplitude settings encompass a number of 
different parameters including gain, pulse repetition frequency (PRF), pulse width and 
pulse voltage. These are defined below: 
 
• Gain: an increase in signal power. Usually defined in decibels (dB) and calculated 
by the ratio of output signal to input signal. DAC is a form of gain and as such can 
be applied here. 
• PRF: the number of pulses in one second.  
• Pulse width: the period for a square wave. Measured in seconds and is a variable 
of the electronic waveform in the transducer system.  Characteristic of the 
transducer and found in manufacturers information. 
• Pulse voltage: voltage of electronic waveform in the transducer system. 
Characteristic of the transducer and found in manufacturers information. 
 
It is important to get the pre-amplitude settings correct so that the ultrasonic reflection 
is not saturated. Saturation occurs when the transducer’s limit of acoustic pressure (at 
its focal point) has been exceeded due to an increase in input voltage. The acoustic 
Water line
Composite Sample
Metal Support Metal SupportTank Floor
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pressure (or sound pressure) ‘normally refers to the RMS values of the pressure changes, 
above and below atmospheric pressure, which are used to measure steady state or 
continuous noise.’ (Finucane, 1999). 
 
When configuring the variables during pre-processing a number of gates can be applied. 
On a simple level a gate can be defined as a selection or portion of the displayed range 
(of distance or amplitude) allowing measurement of that specific section. The gate is 
applied to the data in A-scan form. In immersion systems particularly, an interface gate 
is set. This is applied to the system when the ultrasonic pulse is switched on but the 
component is not yet being scanned. This gate defines the location of the front wall echo 
and means that the unnecessary data of the wave travelling through the water can be 
negated in the data file. It also allows for a threshold to be set. By setting a threshold in 
terms of amplitude, as a percentage, of the interface gate, when the component is being 
scanned, it is ensured that only the data corresponding to the initial front wall echo 
amplitude is captured. Any pulse that crosses this threshold subsequently triggers the 
data capture. 
 
As well as the interface gate itself a gate delay is applied. This gate delay takes into 
account the water path of the transducer being used; effectively meaning the gate does 
not come into play until the wave has travelled through the water above the component.  
 
Pre-processing of the data allows for the correct parameters to be set in order to acquire 
the data needed in the post-processing. The remainder of this chapter details an initial 
investigation into ultrasonic velocity when penetrating woven components. 
3.4.2 Example	woven	composite	investigation	
As can be seen from the section above (‘3.4.1 Immersion scanning optimisation’) the 
set-up of the ultrasonic NDT system and the subsequent data acquisition cannot be 
underestimated. The post-processing depends on the quality of the original data. 
Because of the nature of woven composites, the choice of the correct transducer can 
often be difficult. Unlike a constant material such as steel where the velocity of 
ultrasound can be said to be constant throughout the material; composites, by their very 
nature have more than one material, which means more than one ultrasonic velocity.  
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Initially two samples were available for testing; these samples are usually used as 
calibration of ultrasonic transducers. The sample of particular interest was a stepped 
sample, as pictured in Figure 33; the dotted line indicates a manufactured defect, which 
is a small width of PTFE (Polytetrafluoroethylene) tape. This defect can clearly be seen 
in Figure 34, highlighted by the dotted box. Firstly, it was important to calculate the 
appropriate transducer frequency to use in the analysis of the sample. Equation 7, as 
defined previously (in section ‘3.2.4 Frequency’), is used to calculate the resonant 
frequency (in MHz) of the plies and as such the frequency of the transducer that should 
be used.  The value of (v) for carbon fibre is 2976m/s (as explained later within this 
chapter). The ply spacing in a uni-directional composite can be described as one ply 
thickness plus one resin ply. However, in a woven composite, due to the natural 
undulations of the fabric, there is not a distinctive resin ply as such and therefore it is 
acceptable to define ‘Sp’ as the total thickness divided by the number of plies.  
 
In order to analyse the thickest point of the stepped sample shown in Figure 33, the 
overall thickness of 3mm was divided by the number of plies (ten) to get a value of 
0.3mm for ‘Sp’. The resultant resonant frequency can be seen to be 5MHz, as per 
Equation 14. 
 
Equation 14: Resonant frequency for stepped sample used in initial testing. Where the ultrasonic velocity in carbon 
fibre is 2976m/s and the ply-spacing is 0.3mm or 0.3x10-3m. 𝑓j = 	 29762	𝑥	(0.3	𝑥	10f) = 4960000𝐻𝑧 = 4.96𝑀𝐻𝑧 
 
 
 
 
Figure 33: A simple sketch of the stepped sample usually used for transducer calibration. The sample was used here 
for initial testing and has ten plies of approximately 0.3mm thickness. The plies are of different lengths, creating 
the stepped appearance of the sample. Between the ninth and tenth ply is a small width of PTFE 
(Polytetrafluoroethylene) tape; highlighted in this sketch as the dotted line. 
 
Following the scanning of the sample with a 5MHz transducer and subsequently 
analysing the data in LaunchNDT, an important initial observation was seen. When 
analysing the B-scans, strong undulations can be seen near the front wall echo but these 
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are lost deeper into the thickness of the sample (Figure 34). This highlights the difficult 
balance to be struck between depth of penetration and sensitivity of defects present.  
 
 
 
Figure 34: The stepped sample was scanned using ultrasound, with a 5MHz transducer, in an immersion tank. 
Following the analysis of the captured data in LaunchNDT, the B-scan shown here was produced (Note: The B-scan 
is presented here as instantaneous amplitude). Strong undulations can be seen near the front wall echo but these 
are lost deeper into the thickness of the sample. Two rectangles are highlighted in the image to show the difference 
undulations through sample depth. The rectangle with dotted line highlights the PTFE tape defect.  
 
It is the observation seen when a second sample was analysed that is of real interest 
here. The sample was manufactured from a mixture of woven (W) and uni-directional 
(UD) carbon fibre with the lay-up [CFUD(2)/CFW(3)/CFUD(3)] and was analysed using the 
same 5MHz transducer as the aforementioned stepped sample. Here, it was seen that 
when a woven ply is followed by a uni-directional ply in the stacking sequence, the 
weave pattern of the original woven ply is seen in resultant plies of the composite when 
exploring the depth of the sample through C-scans. Therefore, despite knowing that 
three uni-directional plies existed, the post-processing of the data was shown to be 
‘super-imposing’ the weave onto the uni-directional plies in the C-scan. 
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There are three possible reasons for the super-imposing, some of which could prove 
that this was not a post-processing oddity and was in fact a true representation of the 
component: 
 
1. It is a manufacturing phenomenon where, due to the curing process, the uni-
directional plies are pressed into the undulations of the woven plies; 
subsequently reflecting an imprint of the weave. 
2. The velocity has changed as it has penetrated through the depth of the sample, 
owing to the multiple number of ‘materials’ present, and is therefore seen as 
‘wavy’ in the ToF images. 
3. There is an amplitude variation due to the plies above. 
 
In order to eliminate the possibility of point one, specific samples were manufactured. 
Seven plies of woven carbon fibre were followed by a single ply of woven glass fibre (GF) 
and three of uni-directional carbon fibre [CFW(7)/GFW/CFUD(3)]. Whilst this is not a 
realistic lay-up for a composite, the design was specifically manufactured to test the 
theory behind point number one, listed above.  
 
Glass fibre is more ‘reflective’ to ultrasound than carbon fibre. By having this barrier 
between the woven and uni-directional carbon fibre, this would provide a clear 
reflection on the ultrasonic images; specifically highlighting where the woven plies 
ended and the uni-directional plies began (this can be seen in Figure 35). This would 
possibly allow an insight into whether or not the uni-directional plies had taken on the 
imprint of the weave of the plies above. (Note: this sample is referred to as ‘Sample 5’). 
In the resultant images, Sample 5 was scanned using a 5MHz transducer with the woven 
surface on top. 
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Figure 35: This is the instantaneous amplitude B-scan of Sample 5. Where sample 5 has the following lay-up: Seven 
plies of woven carbon fibre were followed by a single ply of woven glass fibre (GF) and three of uni-directional 
carbon fibre [CFW(7)/GFW/CFUD(3)]. Whilst this is not a realistic lay-up for a composite, the design was specifically 
manufactured to test the theory behind whether or not the super-imposing  is a manufacturing phenomenon. it 
was seen that when a woven ply is followed by a uni-directional ply in the stacking sequence, the weave pattern 
of the original woven ply is seen in resultant plies of the composite when exploring the depth of the sample through 
C-scans. Therefore, despite knowing that three uni-directional plies existed, the post-processing of the data was 
shown to be ‘super-imposing’ the weave onto the uni-directional plies in the C-scan. Glass fibre is more ‘reflective’ 
to ultrasound than carbon fibre. By having this barrier between the woven and uni-directional carbon fibre, this 
would provide a clear reflection on the ultrasonic images; specifically highlighting where the woven plies ended 
and the uni-directional plies began 
 
Whilst the B-scan pictured in Figure 35 clearly highlights the reflection of the woven 
glass fibre ply, it does not show the weave pattern; the C-scan is required for this. Figure 
36 shows the weave pattern which is seen at the three key areas of sample 5; the centre 
(in terms of depth) of the seven woven carbon fibre plies, the woven glass fibre ply and 
the centre (again in terms of depth) of the three uni-directional carbon fibre plies. It is 
clear that the uni-directional carbon fibre C-scan is capturing more data than just that 
of the uni-directional fibres. Furthermore, the similarities between the woven carbon 
fibre and the pattern seen at the uni-directional plies are clear to see. The fact that the 
uni-directional carbon fibre shows the pattern from the woven carbon fibre plies is 
particularly obscure as the glass fibre woven layer separates the two here; therefore, it 
would make more sense if the pattern from the woven glass fibre was seen in the C-scan 
for the uni-directional carbon fibre. It can be argued that it is for a certain extent but it 
is not the dominant pattern. For reference, Figure 37 shows a uni-directional ply and a 
more ‘expected’ image of uni-directional fibres. 
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Figure 36: Sample 5 was scanned using a 5MHz transducer, in an immersion ultrasound system, with the woven 
surface on top. The lay-up of sample 5 is as follows: seven plies of woven carbon fibre were followed by a single 
ply of woven glass fibre (GF) and three of uni-directional carbon fibre [CFW(7)/GFW/CFUD(3)]. Using LaunchNDT to 
analyse the data, the instantaneous amplitude was calculated and the resultant instantaneous amplitude C-scan 
images are shown here. The C-scan from the centre (in terms of depth) of the woven carbon fibre plies is shown on 
the left hand side. The centre image is the C-scan of the woven glass fibre ply and finally, the right hand side shows 
the C-scan from the centre (in terms of depth) of the uni-directional carbon fibre plies.  
 
 
Figure 37: An example of a good C-scan for a uni-directional ply is shown here. As with sample 5, the results are 
from an ultrasonic immersion system and the instantaneous amplitude is calculated in LaunchNDT. In this instance 
the sample had a lay-up as follows: two uni-directional carbon fibre plies, a single woven carbon fibre ply and three 
uni-directional carbon fibre plies,  [CFUD(2)/CFW/CFUD(3)]. 
 
The scanning of Sample 5 with the woven surface on top confirmed that the weave was 
being super-imposed onto the uni-directional plies; in order to test this fully, the sample 
was scanned with the uni-directional side on top; the results are shown in Figure 38. The 
results can be seen to be the same regardless of which way up the sample was scanned, 
this would seem to indicate that the manufacturing phenomenon could be said to be 
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true. Although it could be argued that in this instance it is the weave of the woven glass 
fibre that has been superimposed on the uni-directional plies rather than the woven 
carbon fibre as in Figure 36. 
 
 
Figure 38: Sample 5 was scanned using a 5MHz transducer, in an immersion ultrasound system, with the uni-
directional surface on top. The lay-up of sample 5 is as follows: Seven plies of woven carbon fibre were followed 
by a single ply of woven glass fibre (GF) and three of uni-directional carbon fibre [CFW(7)/GFW/CFUD(3)]. Using 
LaunchNDT to analyse the data, the instantaneous amplitude was calculated and the resultant instantaneous 
amplitude C-scan images are shown here. The C-scan from the centre (in terms of depth) of the uni-directional 
carbon fibre plies is shown on the left hand side. The centre image is the C-scan of the woven glass fibre ply and 
finally, the right hand side shows the C-scan from the centre (in terms of depth) of the woven carbon fibre plies.  
 
To investigate further, micrograph images were captured to try and see the individual 
plies and whether or not there was compression between the uni-directional plies and 
the woven plies above. Figure 39 shows that there is a clear, and more importantly 
straight distinguishable line between the ply of woven glass fibre and the uni-directional 
carbon fibre (represented by dashed lines). The presence of the straight divide indicates 
that there has been no physical compression of the uni-directional plies into the 
undulations of the woven plies.  
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Figure 39: A micrograph of Sample 5 is shown here. A microscope at Renault Sport Racing was used and the scale 
of 2mm can be seen in the bottom right hand side of the image. Two dotted lines have been added to the image 
which highlight the thickness of the woven glass ply. (Sample 5 has the following lay-up: Seven plies of woven 
carbon fibre were followed by a single ply of woven glass fibre (GF) and three of uni-directional carbon fibre 
[CFW(7)/GFW/CFUD(3)]). The micrograph was captured in order to try and see the individual plies and whether or 
not there was compression between the uni-directional plies and the woven plies above (i.e. was the weave of the 
woven plies being compressed into the uni-directional plies and causing the super imposing, discussed in ‘3.4.2 
Example woven composite investigation’). It is shown that there is a clear, and more importantly straight 
distinguishable line between the ply of woven glass fibre and the uni-directional carbon fibre (represented by 
dashed lines). The presence of the straight divide indicates that there has been no physical compression of the uni-
directional plies into the undulations of the woven plies and therefore is not the cause of the super-imposing. 
 
For completeness, more detailed micrographs were captured to gain further knowledge 
of the sample. This additional detail is illustrated by Sample 4, which only differs from 
Sample 5 in that it has two fewer carbon fibre woven plies [CFW(5)/GFW/CFUD(3)]. It can 
be seen from Figure 40 that there are two different fibre sizes within the sample, one 
for the woven carbon fibre and one for the woven glass fibre. These are highlighted by 
the solid outlines.  
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Figure 40: A micrograph of Sample 4 is shown here. A microscope at Renault Sport Racing was used and the scale 
of 2mm can be seen in the bottom right hand side of the image. (Sample 4 has the following lay-up: Five plies of 
woven carbon fibre were followed by a single ply of woven glass fibre (GF) and three of uni-directional carbon fibre 
[CFW(5)/GFW/CFUD(3)]). The micrograph was captured in order to try and see the individual plies and whether or 
not there was compression between the uni-directional plies and the woven plies above. It is shown that there is 
a clear, and more importantly straight distinguishable line between the ply of woven glass fibre and the uni-
directional carbon fibre (represented by dashed lines). The presence of the straight divide indicates that there has 
been no physical compression of the uni-directional plies into the undulations of the woven plies. A further set of 
dotted lines (near the top of the image) highlight a fibre in the length direction, whilst the solid ovals highlight the 
fibres ‘end on’. There are two different sizes of ovals, indicating that the fibres in the carbon fibre are larger than 
those within the glass fibre. 
 
Perhaps just as importantly the micrograph in Figure 40 highlights just how difficult it is 
to distinguish between the woven plies. Simply put, each ply should have fibres that are 
considered ‘end on’ (those highlighted with solid outlines) and one fibre in the length 
direction (highlighted with the dotted lines). As shown in Figure 40 there are areas 
where the ‘end on’ fibres from two separate plies are adjacent to each other and 
similarly this also happens with the length direction fibres; sometimes they could meet 
and then separate again. This makes it very difficult to distinguish the five individual 
carbon fibre woven plies. It is important to be able to identify the separate plies for a 
couple of different reasons. Firstly, by knowing the number of plies, this can be checked 
against the as-design stacking sequence. Secondly when trying to establish the angle of 
each ply it is important that they can be individually identified.  
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Carbon Fibre
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As the micrograph appears to confirm that there was no manufacturing compression of 
the uni-directional plies into the undulations of the woven ply it indicates that the 
superimposing must be a post-processing ‘error’, potentially owing to the ultrasonic 
velocity. 
3.5 Ultrasonic	data	distortion	due	to	fibre	volume	fraction	
3.5.1 Fibre	volume	fraction	dependence	of	velocity	
It has long been known that the ultrasonic velocity is influenced by the fibre volume 
fraction (Smith, 2010). Where fibre volume fraction is defined as the volume of the fibres 
as a percentage of the component volume. It is subtly different when analysing specific 
locations of a composite; when considering a uni-directional composite the fibre volume 
fraction (FVF) can be thought of simplistically as having only two values, either zero in 
the resin areas or a specific value in a fibre tow or tows. This means that the analysis is 
simple (when compared to woven composites) because a signal that is returned during 
the scan will respond to the mean velocity and will not vary laterally across the scan. 
This also leads to the capability to identify the number of plies within the scanned 
component. A uni-directional composite, for arguments sake, is a regular specimen, a 
ply of carbon fibre, followed by the resin. The resin ply or interface is easily identifiable 
due to its higher level of reflection and the different ultrasonic velocity.   
 
The importance of understanding the more complicated nature of a woven composites 
cannot be underestimated within this project. In order to fully characterise a woven 
composite, it is imperative that when exploring an in-plane ‘slice’ of a component during 
the post-processing, it can be guaranteed that only one ply of the composite is being 
analysed and that data from the plies above or below have not been captured. 
 
At this point, it is worth highlighting the structure of a woven fabric. Figure 41 shows 
that for a single ply the penetration path of the ultrasonic wave can encompass one of 
three states [resin (R), one tow (1T) or two tows (2T)]. The fibre volume fraction at each 
of these areas can be said to be different, in the same way that in a uni-directional 
composite there are two different fibre volume fractions. At a resin pocket the fibre 
volume fraction can be said to be 0. Similarly, at a 1T area the FVF will be half that of a 
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2T area. Nominally the 2T FVF has been set at 0.6, meaning the corresponding 1T FVF 
will be 0.3.  
 
 
 
Figure 41: A simulated representation of a woven fabric structure. The left hand side shows a plan view of a woven 
composite, with areas of potential resin pockets highlighted. The right hand side shows a cut through of a woven 
composite. There are five ‘end on’ fibres with an interweaving fibre running from left to right. In terms of an 
ultrasonic scan, this means that at any one point of the scan, the ultrasonic wave could penetrate through an area 
of one tow, two tows or a resin pocket. 
 
The Hashin rule of mixtures, discussed in Smith (2010) can be used with a single uni-
directional ply, as there is an assumed even distribution of fibres within resin. However, 
for woven plies this territory is currently unexplored. For this thesis the following 
considerations are explained.  
 
A simple volumetric mixture rule is used for the state of one tow, where half of the 
thickness of a resin state and half the thickness of a two tows state are considered. The 
effective velocity is half way between a velocity attributed to volume fractions of the 
resin and the two tows. For the state of two tows (i.e. where the warp and weft tows 
meet and overlap) a more complicated mixture rule is required, owing to the resin being 
isotropic and the fibres being anisotropic. Not only must the fibre volume fraction be 
taken into account a combination of the resin and two tow states stiffness and densities 
have to be considered.  
 
Smith (2010) demonstrates a small percentage difference, specifically for carbon fibre 
composites with a fibre volume fraction of 0.6, between the simple volumetric rule and 
a more complex rule, ultimately proving that it is acceptable to use either rule.  
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Figure 23 underlines the relationship between FVF and ultrasonic velocity. For one ply 
of woven composites, there are three possible fibre volume fractions, meaning three 
possible velocities of sound. Whilst this one ply situation could be easily accounted for, 
the issue comes from having multiple plies. The plies in a composite component are 
random in terms of their placement in the z-direction; it is impossible to directly align 
the three states across each ply. Therefore, through the z-direction (through depth), the 
ultrasonic wave could penetrate a number of these areas, in any order.  
3.5.2 Velocity-Probability	Model	
The technology and associated process to enable the viewing of an in-plane ‘slice’, at a 
constant depth, in the sample already exists within LaunchNDT. As mentioned in ‘3.1 
Introduction’, in order to image the properties of a given ply with adequate clarity, it is 
vital that the slice must be from the same ply across the whole scan. It is possible that 
some kind of pre-processing might be required to ensure that data from the ply above 
or below is not included. Such pre-processing would be complex and is to be avoided if 
possible, so an exercise was needed to investigate the magnitude of the problem. 
 
The velocity-probability model has been created in order to establish whether or not a 
complex velocity correction needs to be undertaken during post-processing of data. The 
analysis requirement is for an in-plane slice to exist that is totally contained within one 
ply of the pulse-echo ultrasonic data. For such a plane to exist the variation in time of 
flight must be less than ± half a ply; see Figure 42 for an illustration of this limiting case. 
However, the variation in time of flight can only be treated statistically because the 
weaves in adjacent plies are not aligned. Thus, a statistical criterion for the limiting case 
is required to indicate whether the standard deviation in time-of-flight to a given ply 
depth becomes sufficiently large to prevent the existence of an in-plane slice at any 
given time-of-fight to stay within a single ply. For the purposes of this thesis, that 
criterion is chosen to be a standard deviation in time of flight equal to a quarter of a ply 
thickness, such that 95% (the proportion of a normally-distributed population within 
two standard deviations of the mean) of the in-plane slice will fall within a ply. 
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Figure 42: A sketch of a cut through of a nominal woven composite highlighting the limiting case where it is only 
just possible for an in-plane slice (dotted line) to exist in just one ply (regions between solid lines). The velocity-
probability model has been created in order to establish whether or not a complex velocity correction needs to be 
undertaken during post-processing of data. The analysis requirement is for an in-plane slice to exist that is totally 
contained within one ply of the pulse-echo ultrasonic data. For such a plane to exist the variation in time of flight 
must be less than ± half a ply.  
 
The basic assumption of the velocity-probability model is that in a woven fabric, there 
are regions where the warp and weft overlap (two-tow state) and regions where one 
tow is angled vertically to shift from under one perpendicular tow to over the next (one-
tow state); see illustrations in Figure 41 and Figure 43. In addition, there may be regions 
(resin-only state) where there are no tows i.e. gaps in the weave caused by two adjacent 
one-tow regions. But these can disappear in less compacted, looser weaves or where 
the gaps between the weft tows, for example, are reduced to zero and all the vertical 
displacement is achieved by the warp tows. When composites are consolidated, their 
fibres are inherently squashed and flattened; depending on the weave type this will have 
an effect on the resin only state areas. 
 
 
 
Figure 43: A simulated representation of the basic assumption that there will be regions with two tows (through 
depth) and regions with just one tow with a vertical component to its orientation (red fibre). The area with two 
tows can be seen to have an ‘end on’ fibre and a section of the interweaving fibre. The area of one tow will just be 
a section of the interweaving fibre. 
 
For the purposes of the velocity-probability model, it will be assumed that the warp and 
weft tows are the same width and the gaps between them are the same, such that there 
will be resin-only regions defined by those gap widths. 
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Table 3 lists the parameters that will be described within the coming sections (‘3.5.2.1 
Velocity-Probability Model Inputs (Carbon Fibre)’, ‘3.5.2.3 Velocity-Probability Model 
Description (One to Five Plies)’, ‘3.5.2.4 Velocity-Probability Model Development (Up to 
170 Plies)’ and ‘3.5.2.5 Standard Deviation’). 
 
Table 3: Parameters and corresponding symbols and units for the Velocity-Probability Model, created in order to 
establish whether or not a complex velocity correction needs to be undertaken during post-processing of ultrasonic 
non-destructive testing data. 
Symbol Parameter Units 
ΦR Number of plies in the Resin State - 
Φ1 Number of plies in the One Tow State - 
Φ2 
Number of plies in the Two Tow 
State - 
a Cover Factor - 
μR Area proportion of Resin State - 
μ1 Area proportion of One Tow State - 
μ2 Area proportion of Two Tow State - 
veff Effective Velocity m/s 
vi 
Effective Velocity for a given ‘i’th 
combination of ply states m/s 
P Probability of a given combination of states through the thickness - 
PT 
Total Probability of a set of 
combinations of states - 
vn 
Mean Velocity through the thickness 
of n plies m/s 
Vn 
Mean Square Velocity through the 
thickness of n plies m/s 
n Number of Plies - 
σv Standard Deviation in Velocity m/s 
σT Standard Deviation in Time of Flight µs 
σn 
Normalised Standard Deviation in 
ToF (normalised to ToF for one ply) - 
	
3.5.2.1 Velocity-Probability	Model	Inputs	(Carbon	Fibre)	
There are three key inputs to the model that can be seen in Table 4. As previously 
detailed in Figure 41 there are three material states within one individual ply and the 
number of plies in each state under a given location on the surface are denoted ΦR, Φ1 
and Φ2 for resin, one-tow and two-tow states respectively.  
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Table 4: Velocity-Probability Model inputs for the three known states of woven carbon fibre (Resin, one tow and 
two tows). The three states have an associated fibre volume fraction (FVF) and an ultrasonic velocity through that 
given state. 
State FVF Velocity (m/s) 
Resin (ΦR) 0 2903 
One Tow (Φ1) 0.3 2939.5 
Two Tows (Φ2) 0.6 2976 
 
Each of the states has an associated fibre volume fraction (FVF). The fibre volume 
fraction in the resin state will always be 0. Using the simple volumetric mixture rule, the 
calculated velocity for one tow is mid-way between the velocity in resin and the velocity 
in the 2T state (see Table 4). The velocities of the 2T and R states are taken from Figure 
23 at the fibre volume fractions described above, 0.6 and 0 respectively. 
  
The last input is the cover factor (a), and is used to calculate the proportion of a ply in 
any of the given states. Figure 44 shows a representation of a woven ply and a 
subsequent focus on one section. 
 
 
Figure 44: A sketched representation of Cover Factor, ‘a’ (used to calculate the proportion of a ply in any of the 
three given states; resin, one tow and two tows) and area proportion in each state for a cell of unit dimensions. 
The left hand side shows a plan view of a woven composite with resin pockets, one tow and two tow areas. The 
dotted lines indicate the section of the plan view which is subsequently shown on the right hand side. This section 
is normalised to a cell length and width equal to one; allowing for the area proportions to be described individually 
as seen in Table 5. 
 
The section shown in Figure 44 is normalised to a cell length and width equal to one; 
allowing for the area proportions to be described individually as seen in Table 5. This 
subsequently means that in the velocity-probability model they are linked, dominated 
  
 
 
 
 
 
 
 
  
 
   
 
 
 Resin 
 One Tow 
 Two Tows 
 
  
a 
a 
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by the value for two tows; it is this Cover Factor (a), value that can be changed within 
the model. 
 
Table 5: Area proportion for each state as a function of Cover Factor (a). Where the three states (resin, one tow 
and two tows) are defined per ply. Cover factor (a) is used to calculate the proportion of a ply in any of the three 
given states. 
State Area proportion (μ) 
Resin (ΦR) (1-a)2 
One Tow (Φ1) 2a (1-a) 
Two Tows (Φ2) a2 
	
3.5.2.2 ‘Grey	Zone’	Theory	
The model was initially developed for a maximum of five plies and then expanded to 
more plies to investigate whether a ‘grey zone’ would exist for a larger number of plies. 
The principle is that because the weave is not aligned in the z-direction, with the addition 
of enough plies, an average velocity would be reached; the effective velocity through 
the thickness. This theory is illustrated in Figure 45. It is known that the velocity range, 
between the minimum velocity and the maximum velocity will always be the same, 
regardless of the number of layers. This is because the minimum and maximum is 
dictated by the fibre volume fractions of the R and 2T states. However, the number of 
potential effective velocity values within this range increases with the number of plies.  
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Figure 45: A simple sketch representing the Grey Zone Theory. The principle is that because the weave is not aligned 
in the z-direction, with the addition of enough plies, an average velocity would be reached; the effective velocity 
through the thickness. The left hand side of the image shows one ply, increasing to four (middle image) and eight 
plies (right hand image). The level of grey can be seen to be gradually converging to a single grey colour. This single 
grey colour is representational of the effective velocity through thickness of a sample. 
 
3.5.2.3 Velocity-Probability	Model	Description	(One	to	Five	Plies)	
Firstly the effective velocity for a given thickness of composite is established, using the 
equation for velocity seen in Equation 15 where distance (d) is the total sample thickness 
and time (t) is the total pulse-echo time of flight from the front surface to the back 
surface signals. 
 
Equation 15: Equation for effective velocity (veff) of a given thickness of composite; where time (t) and distance (d) 
is the total sample thickness and is labelled as distance, rather than thickness,  as it is deemed the distance that 
the ultrasound has to penetrate. 𝑣~~ = 2𝑑𝑡  
 
The development of the model to obtain effective velocities for an arbitrary number of 
plies required a formula which takes into account the number of each of the states in 
each penetration path.  
 
The total thickness (d) – or distance of travel for the ultrasonic wave -, assuming a 
uniform ply thickness (h), is given by the sum of the numbers of states multiplied by (h) 
and the total time of flight is given by the sum of the times of flight in each ply where 
the pulse-echo path length is (2h) and the velocity is (v).  Equation 16 can be derived to 
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- 125 - 
 
give effective velocity. Where an effective velocity here is the velocity at the back wall 
having travelled through a combination of ply states for a number of plies. 
 
Equation 16: Effective velocity (veff) for a given combination of ply states for any number of plies. This equation 
allows for the effective velocity to be calculated for any number of plies within a composites and uses the number 
of plies in the three states, resin (FR), one tow (F1) and two tows (F2), as well as the velocity of ultrasound through 
each one of those states; resin (vR), one tow (v1) and two tows (v2). 𝑣~~ = (Φj + Φ + ΦF)(𝑣j𝑣𝑣F)(Φj𝑣𝑣F) + (Φ𝑣j𝑣F) + (ΦF𝑣j𝑣) 
 
Table 6 shows how the focus on the state of each ply is now included within the model. 
Four further columns are also shown; the probability column indicates the probability 
of the corresponding effective velocity occurring at the back wall, whilst the total 
probability is a sanity check, as it should always be equal to one. The mean velocity and 
mean square values are used in the calculation of standard deviations, which are 
described later. 
 
Table 6: Velocity-probability model output for just two plies, with a Cover Factor (a) of 0.95. The penetration path 
shows the order of states per plies from top to bottom of the composite. The probability (P) column indicates the 
probability of the corresponding effective velocity occurring at the back wall, whilst the total probability (PT) is a 
sanity check, as it should always be equal to one. The mean velocity (vn) and mean square (Vn) values are used in 
the calculation of standard deviations. 
Two Plies 
Penetration 
Path ΦR Φ1 Φ2 
Velocity 
veff 
Probability 
P 
Total 
Probability 
PT 
Mean 
Velocity 
vn 
Mean 
Square 
Vn 
R-R 2 0 0 2903.00 4.11E-07 
1.00 2974.14 8.85E+06 
R-1 1 1 0 2921.14 3.16E-05 
R-2 1 0 1 2939.05 6.09E-04 
1-R 1 1 0 2921.14 3.16E-05 
1-1 0 2 0 2939.50 2.44E-03 
1-2 0 1 1 2957.64 4.69E-02 
2-R 1 0 1 2939.05 6.09E-04 
2-1 0 1 1 2957.64 4.69E-02 
2-2 0 0 2 2976.00 9.03E-01 
 
The probability of each combination of states occurring, as seen in Table 6 above, is 
calculated from the area proportions (µ), for each ply state, raised to the power of the 
number of plies in that state, using Equation 17. 
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Equation 17: Probability (P) of a given combination of states occurring through the thickness if the composite, 
where area proportion (µ) and states (F). The subscripts denote resin (R), one tow (1) and two tows (2).  𝑃 = 𝜇j + 𝜇 + 𝜇F 
 
Histograms could subsequently be produced showing the way in which the effective 
velocities develop as the number of plies increase. It can be seen from the histograms 
in Figure 46 that the effective velocities tend towards the value of the bulk-average 
velocity for an infinite number of plies, resulting in 2961.25 m/s for a cover factor of 0.8.  
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Figure 46: When viewed together these six histograms show the way in which the effective velocities develop as 
the number of plies increase. It can be seen from the histograms that the effective velocities (where the effective 
velocity is the velocity at the back wall having travelled through a combination of ply states for a number of plies) 
tend towards the value of the bulk-average velocity for an infinite number of plies, resulting in 2961.25 m/s for a 
cover factor of 0.8. The more plies which are added, the greater the effect of the ‘grey zone theory’ (section ‘3.5.2.2 
‘Grey Zone’ Theory’) until one single velocity dominates at the back wall. The range of velocities shown on the x-
axis will always remain the same regardless of the number of layers. This is because the minimum and maximum 
is dictated by the fibre volume fractions of the R and 2T states (2903m/s and 2976m/s respectively). However, the 
number of potential effective velocity values within this range increases with the number of plies. It should be 
noted here that due to the bin width of the histogram the range is labelled as 2908m/s to 9978m/s. 
 
The probability for the infinite number of plies (Equation 18) can be calculated using the 
weighted mean velocity in which the weightings are the area proportions. 
 
Equation 18: Probability for an infinite number of plies, calculated using the weighted mean velocity, where the 
weightings are the area proportions (µ). Velocity (v) and states (F) are also required in this calculation.  1/𝑣e = 𝜇j/𝑣j + 𝜇/𝑣 + 𝜇F/𝑣F 
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As predicted, the range (between 2903m/s and 2976m/s) is seen to remain the same 
whilst the number of possible velocities increases (as the number of plies are increased). 
An explanation for this can be seen in ‘3.5.2.2 ‘Grey Zone’ Theory’. For example, the 
calculation for five plies results in 243 velocities being returned. However, it was also 
noticed that a number of those velocities are the same. It has been determined that the 
order of the states in the penetration path does not matter; for example, Table 6 shows 
that the effective velocity for R-1 is the same as 1-R. The following section (‘3.5.2.4 
Velocity-Probability Model Development (Up to 170 Plies)’) deals with the development 
of this. 
3.5.2.4 Velocity-Probability	Model	Development	(Up	to	170	Plies)	
It was important to build the model to represent a realistic numbers of plies for a 
component, to investigate if the standard deviation in time-of-flight would reach a 
threshold of a quarter of a ply, which was set to indicate where the standard deviation 
becomes sufficiently large to affect the ability to image a ply in a single in-plane slice. A 
maximum number of 170 plies was considered reasonable as this is applicable to 
aerospace applications.  
 
The order of the states in the penetration path does not affect the effective velocity. 
Therefore, to save complexity of computation, the model can be reduced to a trinomial 
distribution (Equation 19), which removes the dependence on the order of the ply states 
by considering combinations, not permutations. 
 
Equation 19: Trinomial Distribution (PTD), which removes the dependence on the order of the ply states by 
considering combinations, not permutations; where number of plies (n), area proportion (µ) and states (F). The 
subscripts denote resin (R), one tow (1) and two tows (2). 𝑃 = 	 𝑛!𝜙j! 𝜙! 𝜙F! 𝜇j 	𝜇 	𝜇F ¡ 
 
3.5.2.5 Standard	Deviation	
Taking into account the knowledge that ultrasonic velocity varies with FVF, the 
theoretical model was developed to explore the relationship between lateral location in 
a woven laminate, ultrasonic velocity and consequent Time of Flight (ToF), with a 
particular focus on the ToF variability seen at a given depth of n plies in the structure.  
As previously identified (‘3.5.2.2 ‘Grey Zone’ Theory’), adjacent 2D woven plies are 
usually randomly aligned in a component, so a statistical approach was used to 
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investigate the velocity variation, and ultimately the ToF variation, as more randomly 
aligned plies are added.  
 
The use of standard deviation, in-line with the statistical approach within the model, 
allows for a way in which to represent the resultant calculated variations. It was decided 
that two standard deviations would be calculated: velocity and time of flight and the 
latter can also be normalised by dividing it by the pulse-echo time-of-flight in a single 
ply.  
 
For a given number of plies (n), there are numerous combinations of ply states, which 
form a set of combinations for that number of plies. In order to calculate the standard 
deviations, two prior values must be calculated for each set of combinations of ply 
states; the mean velocity (vn) and the mean square velocity (Vn). Both utilise the 
‘SUMPRODUCT()’ function in MS Excel, which returns the sum of the products calculated 
as a result of multiplying components in two arrays (sets of values). This can be seen in 
Equation 20 and Equation 21 where (i) is each combination of ply states having velocity 
(vi) and probability (Pi), and (PT) is the total probability of all combinations of states in 
the set, normally unity. 
 
Equation 20: Mean Velocity (vn) for the set of combinations of ply states for n plies, where the set of combinations 
(i) are defined by the states which the ultrasonic penetration path travels through; where velocity through the 
combination (vi), probability of travelling through that combination (Pi) and total probability of all combinations 
(PT). 𝑣 = ∑𝑣_ 𝑃_𝑃  
Equation 21: Mean Square Velocity for the set of combinations of ply states for n plies, where the set of 
combinations (i) are defined by the states which the ultrasonic penetration path travels through; where velocity 
through the combination (vi), probability of travelling through that combination (Pi) and total probability of all 
combinations (PT). 
 𝑉 = ∑𝑣_F 𝑃_𝑃  
 
Whilst the focus of the model to this point has been the velocity, the standard deviation 
for ToF must also be calculated, as this is the value that has to be compared with the 
threshold of a quarter of the ToF for a ply. The equation for the standard deviation in 
velocity is below in Equation 22. 
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Equation 22: Standard Deviation in velocity (sv) in terms of mean velocity (vn) and mean-square velocity (Vn). The 
standard deviation in velocity is required to calculate the standard deviation in time of flight (Equation 23). 𝜎¥ = ¦𝑉 − 𝑣F 
 
For standard deviation in time-of-flight, this is the fractional standard deviation in 
velocity (𝜎¥/𝑣), multiplied by the mean pulse-echo time-of-flight. Calculated as twice 
the thickness of n plies divided by the mean velocity for n plies. Shown in equation 16 
(where (ℎ) is the mean thickness of the ply), which is also the derivative of Equation 8. 
 
Equation 23: Standard Deviation in time of flight (sT) is required to compare with the velocity-probability models 
threshold of a quarter of the time of flight for a ply; where standard deviation in terms of velocity (sv), number of 
plies (n), mean thickness of one ply (h) and mean velocity (vn). 𝜎 = 𝜎¥(2𝑛ℎ𝑣F ) 
 
Lastly, the normalised standard deviation in time-of-flight (Equation 24) is considered to 
investigate whether or not the chosen threshold (𝜎 = 0.25) is reached at a realistic 
number of plies (i.e. a number of plies that would be seen in components within 
industry).  
 
Equation 24: Standard Deviation in terms of number of plies (sn) can be derived by knowing the standard deviation 
in terms of velocity (sv) or time of flight (sT) as well as the number of plies (n), mean thickness of one ply (h) and 
mean velocity (vn). 
 𝜎 = 𝜎𝑣2ℎ = 𝜎¥𝑛𝑣  
 
The previous few sections (‘3.5.2.1 Velocity-Probability Model Inputs (Carbon Fibre)’, 
‘3.5.2.3 Velocity-Probability Model Description (One to Five Plies)’, ‘3.5.2.4 Velocity-
Probability Model Development (Up to 170 Plies)’ and ‘3.5.2.5 Standard Deviation’) have 
described how the velocity-probability model works. The next section (‘3.5.3 Velocity-
Probability Model Results (Carbon Fibre)’) details the results of the model. 
3.5.3 Velocity-Probability	Model	Results	(Carbon	Fibre)	
The grey-zone theory has been proven with a dominant velocity ultimately being 
established, this can now be seen pictorially in Figure 47 and has a value of 2968.62m/s 
for a cover factor of 0.9. 
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Figure 47: Following the initial grey zone theory (shown in Figure 45), the statistical velocity-probability model was 
produced meaning that this theory could be investigated further. The velocity-probability model incorporated a 
number of plies from one to 170, which provided an excellent platform to understand the dominant velocity. This 
graph shows the mean ultrasonic velocity, modelled in the velocity-probability model, with increasing number of 
plies. A dominant (or mean) velocity of 2968.62m/s can be seen here with an increasing number of plies of woven 
carbon fibre (Note: this is representative of a Cover Factor a = 0.9).  
 
Unsurprisingly, the standard deviation in terms of velocity follows a power law, with 
standard deviation proportional to 1/√n (Figure 48). This conforms to the theory of 
error and uncertainty such that combined uncertainties of additive quantities following 
a quadrature sum rule so, as the sum increases by n, the standard deviation only 
increases by √n, giving an increase in standard deviation in the mean value that 
increases as √n/n =1/√n. (Moffat, 1988) However, as shown in Figure 48, the standard 
deviation with respect to time of flight does not follow this shape. This shows that the 
standard deviation in ToF gets worse as the number of plies (and subsequent thickness) 
increases. The trend in standard deviation of time of flight is according to √n as 
Equation 22 shows.  
 
The threshold in Figure 48, highlighted by the dashed line, is calculated as a quarter of 
the time taken for the ultrasonic wave to travel through a ply and return. At a speed of 
2976m/s (2.976mm/µs) and a total distance of 0.5mm (2 x nominal thickness of 
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0.25mm); the resultant time is 0.168µs. A quarter of this is the threshold value of 
0.042µs. 
 
Figure 48: The standard deviation in terms of velocity (triangles) and time of flight (crosses), with respect to number 
of plies for a cover factor of 0.9 is displayed here. This figure shows that the standard deviation in ToF gets worse 
as the number of plies (and subsequent thickness) increases. The trend in standard deviation of time of flight is 
according to √n. The threshold highlighted by the dashed line, is calculated as a quarter of the time taken for the 
ultrasonic wave to travel through a ply and return. At a speed of 2976m/s (2.976mm/µs) and a total distance of 
0.5mm (2 x nominal thickness of 0.25mm); the resultant time is 0.168µs. A quarter of this is the threshold value of 
0.042µs. Neither standard deviations breach the threshold for the carbon fibre composite modelled here. 
 
As mentioned in ‘3.5.2 Velocity-Probability Model’, σn < 0.25 (in terms of number of 
plies) is regarded as the requirement for an in-plane slice to stay within a ply. Figure 49 
shows how the cover factor affects the normalised standard deviation in time of flight 
(in terms of numbers of plies). For realistic cover factors and numbers of plies. The 
normalised standard deviation does not come close to the threshold of 0.25 (dashed 
line). 
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Figure 49: A normalised standard deviation (for number of plies) in time-of-flight with varying cover factor (a) (0.71, 
0.77, 0.84, 0.89, 0.95 and 0.97) is displayed. This shows how the cover factor affects the normalised standard 
deviation in time of flight (in terms of numbers of plies), for realistic cover factors and numbers of plies. The 
normalised standard deviation does not come close to the threshold of 0.25 (dashed line). 
 
Each curve for a different cover factor (a), in Figure 49 follows a trend where normalised 
TOF standard deviation is proportional to √n but with a different coefficient (Ca), as 
shown in Equation 25. 
 
Equation 25: Normalised time of flight standard deviation (sN)  is proportional to √n (where n is the number of 
plies) and coefficient of cover factor (Ca). 𝜎P = 𝐶©√𝑛 
 
If this coefficient (Ca) is plotted as a function of cover factor (a), it is clear that the 
relationship is proportional to √ (1 – a). As shown in Figure 50. 
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Figure 50: A graph  is shown here which shows how Ca (coefficient of cover factor) varies with √ (1-a) for carbon 
fibre. Where ‘a’ is cover factor, defined as the proportion of a ply in any of the given states (resin, one tow or two 
tows). Each curve for a different cover factor (a), in Figure 46 follows a trend where normalised TOF standard 
deviation is proportional to √n but with a different coefficient (Ca), as shown in Equation 24. If this coefficient (Ca) 
is plotted as a function of cover factor (a), it is clear that the relationship is proportional to √(1 – a) – this is what 
is displayed in this image. This suggests a value of k=0.0156 for woven carbon fibre. 
 
Further analysis of Figure 50 indicates that the Time of Flight (ToF) standard deviation 
seems to increase linearly with Ö(1-a) up to 0.32 (i.e. for a = 1.0 down to a = 0.88) and 
then starts to deviate. The exact trend could be argued to not be overly important as 
the cover factor is unlikely to go much below 0.9. This is because the tows tend to 
‘squash’ into the gaps under compaction pressure. The data points are from modelling 
within LaunchNDT so there is no random uncertainty (repeating the process would give 
the same value) but the model is of a stochastic system where the actual layer 
configuration depends on probabilities, so there are systematic uncertainties. The 
biggest systematic uncertainty is the real cover factor in any location and it will vary. So, 
this analysis is actually all about investigating that potential variation in cover factor. The 
analysis shows that a variation in cover factor could result in a variation in the ToF 
standard deviation. The exact trend with cover factor is a second-order effect – i.e. the 
shape of the curve only affects the shape of the distribution of ToF standard deviations 
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in the material. It shows that looser weaves with lower cover factors will be more likely 
to have a higher variability in the TOF of ply interfaces. 
 
More simple analysis allows for the following relationship to be applied, where (k) is 
dependent on the ratio of velocities in the composite tows and resin-only regions. For 
the CFRP used in the model, k=0.0156 (Figure 50). 
 
Equation 26. Governing equation for the normalised TOF standard deviation (sN) in terms of the cover factor (a), 
number of plies (n), and a material-dependent parameter, taken from the ratio of velocities in the composite tows 
and resin only regions (k). 𝜎P = 𝑘¦𝑛(1 − 𝑎) 
 
It is therefore concluded that velocity correction does not need to be undertaken for 
carbon-fibre woven composites and the model has shown that the reduction in 
definition of the plies with depth does not appear to be caused by a gradually increasing 
lateral variation in the ToF to the ply interfaces.  
 
The model has also been run for glass fibre where the difference in velocity with fibre 
volume fraction has been shown to be much greater (see Figure 23). 
3.5.3.1 Velocity-Probability	Model	Inputs	(Glass	Fibre)	
In order to give a good comparison with carbon fibre composite, the majority of the 
inputs have not changed. The main input that has changed in comparison to the carbon 
fibre model is the velocity values for the one- and two-tow states, which, as shown in 
Figure 23, are significantly higher. Table 7 shows the glass fibre velocity values. 
 
Table 7: Velocity-Probability Model inputs for the three known states of woven glass fibre (Resin, one tow and two 
tows). The three states have an associated fibre volume fraction (FVF) and an ultrasonic velocity through that given 
state. 
State FVF Velocity (m/s) 
Resin (ΦR) 0 2903 
One Tow (Φ1) 0.3 3251.5 
Two Tows (Φ2) 0.6 3600 
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3.5.4 Velocity-Probability	Model	Results	(Glass	Fibre)	
Firstly, the asymptote velocity value, the bulk average velocity for an infinite number of 
plies, is now computed to be 3523.56m/s (for a cover factor of 0.9) which can be seen 
pictorially in Figure 51. 
  
 
Figure 51: Following the initial grey zone theory (shown in Figure 45), the statistical velocity-probability model was 
produced meaning that this theory could be investigated further. The velocity-probability model incorporated a 
number of plies from one to 170, which provided an excellent platform to understand the dominant velocity. A 
dominant (or mean) velocity of 3523.56m/s can be seen here with an increasing number of plies of woven glass 
fibre (Note: this is representative of a Cover Factor a = 0.9). 
 
The threshold for the standard deviation (velocity and time of flight) needs to be 
recalculated for glass. The velocity in a 0.6 fibre volume fraction is known to be 3600 
m/s, which equates to 3.6 mm/μs. A round trip of a 0.25 mm ply is 0.5 mm in total, which 
will take 0.139 μs. It is ¼ of this value that is the threshold for the standard deviation in 
time of flight, shown in Figure 52. 
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Figure 52: The standard deviation in terms of velocity (triangles) and ToF (crosses) are displayed in terms of number 
of plies of woven glass fibre, for a cover factor of 0.9. The threshold for the standard deviation (velocity and time 
of flight) was recalculated for glass. The velocity in a 0.6 fibre volume fraction is known to be 3600 m/s, which 
equates to 3.6 mm/μs. A round trip of a 0.25 mm ply is 0.5 mm in total, which will take 0.139 μs. It is ¼ of this value 
that is the threshold for the standard deviation in time of flight, which is shown with the dotted line. Both standard 
deviation for velocity and time of flight breach this threshold at around 30 plies. 
 
The threshold for the normalised standard deviation (in number of plies) will still be 1/4 
ply. The resultant output for variation in cover factor is shown in Figure 53.   
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Figure 53: The dotted line represents 1/4 ply threshold for glass fibre and is shown here on the graph of normalised 
standard deviation against number of plies for different cover factors of woven glass fibre. The cover factors are 
0.71, 0.77, 0.84, 0.89, 0.95 and 0.97. This graph shows that the velocity variation could be a problem for glass-fibre 
composites at depths of 25 plies or less, depending on the cover factor. In the glass-fibre case it may be necessary 
to apply a velocity correction in order to flatten the plies. 
 
A similar analysis with regards to the coefficient (Ca) for glass-fibre composite can be 
performed and gives the graph in Figure 54. As described in section ‘3.5.3 Velocity-
Probability Model Results (Carbon Fibre)’ the data points are from modelling within 
LaunchNDT so there is no random uncertainty (repeating the process would give the 
same value) but the model is of a stochastic system where the actual layer configuration 
depends on probabilities, so there are systematic uncertainties. The biggest systematic 
uncertainty is the real cover factor in any location and it will vary. 
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Figure 54: A graph is shown here which shows how Ca (coefficient of cover factor) varies with √ (1-a) for glass fibre. 
Where ‘a’ is cover factor, defined as the proportion of a ply in any of the given states (resin, one tow or two tows). 
Each curve for a different cover factor (a), in Figure 46 follows a trend where normalised TOF standard deviation is 
proportional to √n but with a different coefficient (Ca), as shown in Equation 24. If this coefficient (Ca) is plotted as 
a function of cover factor (a), it is clear that the relationship is proportional to √ (1 – a) – this is what is displayed 
in this image. This suggests a value of k=0.1345 for woven glass fibre. 
 
This complies with the governing Equation 26 and suggests a value of k for glass fibre 
composite of k=0.1345, compared with k=0.0156 for carbon fibre composite. (Figure 54 
and Figure 50 respectively). 
3.5.5 Velocity-Probability	Model	Conclusion	
The theoretical modelling results show that, whilst the velocity variation is unlikely to 
be a problem for 2D woven carbon-fibre composites at depths of several hundreds of 
plies, it could be a problem for glass-fibre composites at depths of 25 plies or less, 
depending on the cover factor. In the glass-fibre case it may be necessary to apply a 
velocity correction in order to flatten the plies.  
 
The analysis has been taken as far as determining the governing equation for the 
normalised TOF standard deviation as a function of cover factor and number of plies 
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(Equation 26) as well as a threshold (𝜎 = 0.25) for determining the number of plies, in 
terms of depth, nmax where the variation in TOF will require a velocity correction. This is 
shown in Equation 27, having been derived from Equation 26: 
 
Equation 27: When the standard deviation in number of plies (sn) is defined as 0.25 it can be said to be equal to 
an equation with the following variables;  a material-dependent parameter, taken from the ratio of velocities in 
the composite tows and resin only regions (k), number of plies in terms of depth (nmax) and cover factor (a). 0.25 = 𝑘¦𝑛¬©­(1 − 𝑎) 
 
Rearranging Equation 27 gives the final equation for the number of plies, in terms of 
depth, for reasonable in-plane slicing as that in Equation 28. 
 
Equation 28: The number of plies in depth (nmax) for reasonable in-plane slicing within a ply can be given as a 
function of the cover factor (a), and a material-dependent coefficient, taken from the ratio of velocities in the 
composite tows and resin only regions (k). 𝑛¬©­ = 116(1 − 𝑎)𝑘F 
 
The determination of (k) and its dependence on the material properties of fibre and 
resin is beyond the scope of this thesis. It has been sufficient to show that a velocity 
correction is not necessary for carbon fibre composites but would be required for glass 
fibre composite beyond approximately 25 plies. 
3.5.6 Experimental	validation	of	the	model.	
Two different samples were made in order to validate the conclusions seen from the 
velocity-probability model; a 200 ply 2x2 twill carbon fibre sample (ply spacing 0.23 mm) 
and a 160 ply 2x2 twill glass fibre sample (ply spacing 0.15 mm). It should be noted that 
the above model assumes a plain weave but plain weave samples were not available 
during the project. In a 2x2 twill weave it is much less likely that any resin-only regions 
will occur as the tows lie very close to one another. However, it was decided to proceed 
with the validation with 2x2 twill, with the expectation that the effect would not be as 
severe as for the modelled plain weave. In order to manufacture samples of this 
thickness, sub-samples of 20 plies were manufactured using flat tool surfaces and 
bonded together; this also insured a known flat bond line which could be visible in the 
ultrasonic scan. The velocity-probability model showed that the standard deviation in 
terms of time of flight increases as the depth through the sample increases. Both 
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samples were tested at frequencies of 7.5MHz and 10MHz; only the 7.5MHz results are 
present here as both frequencies were seen to show the same results. 
 
3.5.6.1 Carbon-fibre	200	ply	sample	
Due to the thickness of the sample, the ultrasonic penetration was unable to reach the 
back wall. It can be seen from the bond lines visible in B-scans in Figure 55 that only 80 
plies have been imaged. However, this is enough to confirm that the standard deviation 
in time of flight increases as the sample thickness increases, reaching 0.4 of a ply 
thickness at 80 plies. It should also be noted that the proposed threshold of 0.25 plies 
for the standard deviation to become a problem, was exceeded at around 50 plies. 
 
Note that the standard deviation increases little between 20 and 40 plies, indicating that 
there is probably an additional contribution to the standard deviation in TOF 
measurements, which dominates over the velocity variation for small plies. It is likely to 
be due to the digitisation resolution, which, at 0.01 µs (at 100 M samples/s sample rate), 
is the equivalent of 0.015 mm or 0.05 plies. 
 
Table 8 shows the standard deviation results from Figure 55 in terms of both ToF/mm 
and ToF/plies. The reported value in bold is distorted by the peak at 17.2mm (as seen in 
Figure 55). However, it is difficult to provide a better estimate. It should be noted here 
that this is probably a distorted value.  
 
Table 8: Standard Deviation (ToF) in mm (based on a mean velocity) from the analysis of the carbon fibre 200 ply 
sample. A carbon-fibre 200 ply sample, was scanned using a 7.5MHz ultrasonic probe in an immersion scanning 
tank. The sample was made from the consolidation of smaller samples of 20 plies. These individual smaller samples 
provide a clear ‘join’ visible on a B-scan and are at 6mm (20 plies), 11mm (40 plies), 16mm (60 plies), and 21mm 
(80 plies). The reported value in bold is distorted by a peak in the analysis. However, it is difficult to provide a better 
estimate. It should be noted here that this is probably a distorted value.(*This is an estimated true standard 
deviation from the graph, as the reported value is an underestimate.) 
Bond Line 
(No. of Plies) 
Standard Deviation 
(ToF / mm) 
Standard Deviation 
(TOF / plies) 
20 0.0497 0.22 
40 0.0503 0.23 
60 0.0821 0.37 
80 0.11* 0.49 
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Figure 55: A carbon-fibre 200 ply sample, was scanned using a 7.5MHz ultrasonic probe in an immersion scanning 
tank. The sample was made from the consolidation of smaller samples of 20 plies. These individual smaller samples 
can be seen on the B-scans at the top of this image. The bold horizontal lines indicate the join between two smaller 
samples. These smaller samples are 5mm in thickness. The histograms on the bottom of the image show the peak 
time of flight at the intersection of the smaller samples. The illustrated depths are at 5mm separations and are (left 
to right): 6mm (20 plies), 11mm (40 plies), 16mm (60 plies), and 21mm (80 plies). Note that the deepest depth 
(right) had an issue with gating in the software due to the low amplitudes so only the right-hand side of the 
distribution is shown.  
 
3.5.6.2 Glass-fibre	160	ply	sample	
Similarly, the bond lines were also visible in the results from the glass-fibre sample, this 
time to a depth of 100 plies. This is also seen to show that the standard deviation in time 
of flight increases as the sample thickness increases; as shown, reaching 0.5 plies at an 
80-ply depth. At 100 plies, the SNR is probably insufficient to draw any conclusions. Note 
that the 0.25-ply threshold is reached at around 50 plies. 
 
Figure 56 shows the results from the analysis of the ToF (/mm) for the glass fibre sample. 
The SNR made the gating of the bondline difficult and subsequently the ToF histograms 
are somewhat ineffective. However, the ToF standard deviation definitely appears to 
increase with depth more than with the carbon fibre sample. 
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Figure 56: Glass-fibre 160 ply sample, at 7.5MHz. The illustrated depths are at 3mm separations and are (left to 
right): A glass-fibre 160 ply sample, was scanned using a 7.5MHz ultrasonic probe in an immersion scanning tank. 
The sample was made from the consolidation of smaller samples of 20 plies. These individual smaller samples can 
be seen on the B-scans at the top of this image. The bold horizontal lines indicate the join between two smaller 
samples. These smaller samples are 3mm in thickness. The histograms on the bottom of the image show the peak 
time of flight at the intersection of the smaller samples. The illustrated depths are at 5mm separations and are (left 
to right): 3mm (20 plies), 6mm (40 plies), 9mm (60 plies), 12mm (80 plies) and 15mm (100 plies). Note that the 
deepest depth (right) had an issue with gating in the software due to the low amplitudes so only the right-hand 
side of the distribution is shown. 
Table 9 shows the standard deviation results from Figure 56 in terms of both ToF/mm 
and ToF/plies. 
Table 9: Standard Deviation (ToF) in mm (based on a mean velocity) from the analysis of the glass fibre 160 ply 
sample. A glass-fibre 160 ply sample, was scanned using a 7.5MHz ultrasonic probe in an immersion scanning tank. 
The sample was made from the consolidation of smaller samples of 20 plies. . These individual smaller samples 
provide a clear ‘join’ visible on a B-scan and are at 3mm (20 plies), 6mm (40 plies), 9mm (60 plies), 12mm (80 plies) 
and 15mm (100 plies).  
 
Bond Line 
(No. of Plies) 
Standard Deviation 
(ToF / mm) 
Standard Deviation 
in ToF (plies) 
20 0.0137 0.09 
40 0.0224 0.15 
60 0.0544 0.36 
80 0.0773 0.51 
100 0.2334 1.54 
 
Both the carbon fibre and glass fibre samples have proven the outcome of the velocity-
probability model; showing that the standard deviation (in terms of Time of Flight) 
increases as the depth of the sample increases. However, it can be seen that the 
standard deviation is somewhat small. This is because the beam is averaging over a 
wider area than a tow width and/or the weave used in the samples (2x2 twill) did not 
exhibit resin-only regions which are exhibited in the velocity-probability model. 
3.5.6.3 Comparison	with	model	predictions.	
The two results summarised above can be compared with the model: for carbon sample 
0.4 ply standard deviation after 80 plies and for glass fibre, 0.5 plies standard deviation 
after 80 plies. Also, the 0.25 ply standard-deviation limit was reached at 50 plies in both 
carbon fibre composite and glass-fibre composite. 
Comparing the carbon-fibre result with the graphs in Figure 48, this experimental 
standard deviation of 0.4 plies at 80-ply depth is surprising large. The most likely 
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explanation for this is that there is an additional contribution to the standard deviation, 
which would contribute even to the TOF of a flat surface in a homogeneous medium of 
uniform velocity. This contribution has not been estimated here. However, it is clear that 
the standard deviation does not vary much between 20 and 40 plies and the above 
discussion of this suggested a contribution from the digitisation resolution in time. 
Therefore, the conclusion is that the effect of velocity changes due to the weave is not 
the only contributory factor to TOF variations and that there may be a 50 ply limit for 
2x2 twill in terms of ensuring a single ply is imaged. 
 
For the glass-fibre composite, Figure 53 suggests that the model would predict these 
results for an ‘effective plain-weave cover factor’ of 0.9 to 0.94. the standard deviation 
also increases with numbers of plies, consistently from 20 to 80 plies. At 100 plies, the 
SNR is probably insufficient to draw any conclusions. Note that this was a 2x2 twill weave 
so the cover factor does not have the same effect as for a plain weave.   
 
As the glass-fibre results are more likely to be dominated by velocity variations than 
other effects, such as digitisation resolution, this result is regarded as confirmation that 
the velocity-probability model has given useful predictions and that the depth limit for 
single-ply imaging without some kind of velocity correction is probably 50 plies. 
3.6 Velocity	correction	for	woven	glass-fibre	composites	
As concluded above, it has been proven using the velocity-probability model that 
velocity correction would be required for woven glass fibre composites. Perhaps, most 
importantly, this correction would be needed for relatively small numbers of plies; 
around 25 for a plain weave, depending on the cover factor. The experimental results 
suggest that 50 plies is the limit for 2x2 twill in glass-fibre composite. However, the 
experimental results have surprisingly suggested a similar 50-ply limit for carbon fibre 
composite. 
3.6.1 Constant-thickness	based	correction	
The simplest kind of correction is possible if the back surface is known to be parallel to 
the front surface or the component is a constant thickness. In this case, the time of flight 
between the front-wall and back-wall echoes can be used to determine the effective 
velocity at each surface location. The 3D data set can then be corrected for that velocity. 
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There is an assumption here that the variations in time of flight build uniformly through 
the structure; in other words, the velocity is constant through the thickness. Even 
though it may differ from the velocity of the adjacent points in the structure.  There is 
no particular reason to assume that this will be the case. However, the lateral pattern 
of combinations of states is likely to have some kind of unit cell with a repeat spacing, 
especially if adjacent plies are just displaced by translation and not rotation.   
 
The validity and effectiveness of this correction could be investigated using the 
theoretical velocity-probability model, or using an analytical model of ultrasonic 
propagation or a 3D finite-element model. Alternatively, an experimental study could 
be performed. 
3.7 Modelling	for	further	weaves	
The model has been developed using the worst case; a plain weave, where resin-only 
regions are most likely. In other weaves, either the warp or weft tows, or both, are likely 
to lie next to one another with no gaps. There will still be some single-tow regions in 
other weaves but these will be over much less of the area. There is potential for the 
model to be further developed to encompass a higher variety of weaves. In order to 
achieve this, area proportion (μ) would have to be revisited for individual, more 
complex, weaves. 
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4. 2D	Weave	Classification;	Inversion	Processes	
In this chapter the ideas behind individual weave identifies are presented, using 
inversion processes. Inversion processes allow development from the raw ultrasonic 
response to a set of information about what is happening in the structure (or the 
component under investigation) to cause this response. 
4.1 Motivation	and	novelty	
As already highlighted, an important aim of this thesis is to develop and demonstrate a 
method for mapping weave orientation and distortions through the thickness of a 
composite laminate. However, of particular interest is the capability to do this in order 
to determine the effects of draping the plies prior to curing. An automated method is 
required for this mapping over the 3D structure because the analysis is complicated and 
the response is very different for every weave type. Hence, the automation must start 
with a method for classifying the weave type before angles can be measured to 
determine orientation and distortions.  
 
The literature review highlighted the relatively small amount of work that has been done 
on the characterisation of 2D woven composites and the resultant investigations of their 
stacking sequences and ply orientations. Arguably the most developed investigation was 
by Smith et al (2009) who identified key angles from the angular-distribution plot of a 
five-harness satin weave. Potential angles resulting from the stretching or shifting of the 
composite are also given (Figure 13). Nelson et al (2019) proved the current capabilities 
of algorithms embedded in the LaunchNDT software by the University of Bristol with 
respect to unidirectional components, successfully determining the stacking sequence 
and mapping the ply-location overlay; allowing the issue of a previously undetected 
double ply to be overcome and therefore showing the true stacking sequence. 
  
The literature review resulted in a key conclusion that this technology does not currently 
exist for the analysis of woven composites and it would be extremely beneficial to those 
who use 2D woven composites if it did. 
 
Following this key finding, principle analytical parameters including instantaneous 
frequency and instantaneous amplitude were discussed (in ‘2.5.2 Instantaneous 
Parameters’) as well as ideas from other areas of science like Miller Indices. They have 
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been included as they are part of the toolset for a proposed process that addresses the 
characterisation of 2D woven composites after first classifying the weave type. It is 
within this chapter that the theory behind the classification is described, using the 
previously discussed parameters (parameters as seen in ‘2.5.2 Instantaneous 
Parameters’). 
 
The novelty in this chapter lies in the use of combined angular and spatial-frequency 
distributions with Miller Indices to understand, detect and measure lines in the 
ultrasonic response to the weave. Ultimately leading to weave-type classification and, 
in ‘5 Distorted weave characterisation’, mapping of rotations and distortions of the 
weave.  
4.2 Angular	Distribution	and	Spatial	Frequency	
The angular distribution gives the distribution of angles when considered relative to a 
chosen direction and in the case of ultrasonic NDT has previously been presented with 
respect to depth (Smith et al (2009)). Spatial frequency is a measure of how often the 
sinusoidal components are repeated per unit of distance. 
4.2.1 Ultrasonic	response	to	a	woven	ply	
A 2D woven composite ply is made up of warp and weft fibre tows (bundles of generally 
over 12,000 individual carbon fibres). Nominally the warp and weft tows are at 90° to 
each other. When composites are manufactured by interlacing the warp and weft tows, 
the resultant tows end up being slightly thinner and wider where they overlap each 
other, with resin-rich regions between plies (known as the resin inter-ply layer), at tow 
edges and between the tows. Any change in fibre volume fraction changes the acoustic 
impedance and if this happens suddenly, at a boundary for instance, the change in 
impedance causes a reflection or scattering of the ultrasound. If two boundaries are 
spaced at a fraction of a wavelength, the two reflections will interfere and the reflection 
coefficient will be roughly proportional to the distance between the boundaries (Smith, 
2010).  
 
So, changes in the thickness of the thin resin layer between plies result in changes in the 
reflection coefficient of that resin layer. Furthermore, the instantaneous amplitude has 
been shown to be dependent on the reflection coefficient of a boundary at the 
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equivalent depth for the pulse-echo time-of-flight (Smith et.al, 2018). With this known 
information, it can be seen that, at a given depth in the component, the in-plane 
instantaneous-amplitude C-scan illustrates the resin-layer thickness as it varies with 
fibre tows; ultimately showing the weave pattern. This can be seen in Figure 57. 
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Figure 57: Displayed is an instantaneous amplitude image processed from an ultrasonic scan of a carbon fibre 5-
harness satin weave. So, changes in the thickness of the thin resin layer between plies result in changes in the 
reflection coefficient of that resin layer. Furthermore, the instantaneous amplitude has been shown to be 
dependent on the reflection coefficient of a boundary at the equivalent depth for the pulse-echo time-of-flight 
(Smith et.al, 2018). With this known information, it can be seen that, at a given depth in the component, the in-
plane instantaneous-amplitude C-scan illustrates the resin-layer thickness as it varies with fibre tows; ultimately 
showing the weave pattern. (The ‘non-woven’ area in the right of the image is a results of tape being placed over 
the composite during scanning). 
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Previously (Figure 3) it was identified that each individual weave will have a repeating 
unit cell. Within the weave pattern, certain features will repeat and effective ‘lines’ can 
be identified through the image. These lines are not dissimilar to crystalline lattice 
planes found in a crystal and identified using Miller Indices. They are key to both the 
classification of the weave type and the characterisation and mapping of the weave to 
identify and quantify any distortions in the weave. 
 
In order to classify the weave type, it is necessary to detect the dominant lines through 
the weave pattern, their angle (α), and their spacing (S) and then use this information 
to compare with known sets of lines for the different weave types. To characterise the 
weave and any distortions, the calculation of a rotation angle (γ) and a shear angle (δ) 
needs to be undertaken. These two angles are defined for the warp and weft tows 
themselves and are shown in Figure 58 for a pristine plain weave rotated by 20° from 
the y-axis (left) and for a distorted (sheared) plain weave (right). The two are 
distinguishable by the different values of (γ), which shows the rotation relative to the x-
axis and (δ), the angle between the two principle (warp and weft) directions.  
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Figure 58: In order to classify the weave type, it is necessary to detect the dominant lines through the weave 
pattern, their angle (α), and their spacing (S) and then use this information to compare with known sets of lines for 
the different weave types. To characterise the weave and any distortions, the calculation of a rotation angle (γ) 
and a shear angle (δ) needs to be undertaken. These two angles are defined for the warp and weft tows themselves 
and are shown here for a pristine plain weave rotated by 20° from the y-axis (left) and for a distorted (sheared) 
plain weave (right). The two are distinguishable by the different values of (γ), which shows the rotation relative to 
the x-axis and (δ), the angle between the two principle (warp and weft) directions. 
4.2.2 2D	image	transformation	
Image transformation is one of the inversion processes explained within this chapter 
and the coming sections (‘4.2.2.1 Theory of image transformation’, ‘4.2.2.2 Spatial 
Frequency from a Radon Transform’ and ‘4.2.2.3 Miller indices and 2D weaves’) describe 
the theory behind it, its application and the subsequent application of Miller Indices to 
the transformed images. 
 
4.2.2.1 Theory	of	image	transformation	
Crucial to the analysis of the 2D ultrasonic images simulated in Figure 58 is an ability to 
transform the image’s lines, both global and local, into sets of lines where each set of 
lines is represented by a single Miller index and by a point on a 2D image of angle vs 
spacing. The latter image transformation is achievable by using a Radon transform (as 
explained below) to convert the image into an amplitude that varies with angle and 
distance, followed by a one-dimensional Fourier transform to convert the distance axis 
into spatial frequency. The spatial-frequency axis could be further transformed by taking 
the reciprocal to give ‘spacing’ but when this was attempted and compared with the 
δ γ X
δ γ X
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spatial-frequency axis, it was clear that the most relevant information is presented in a 
better way using spatial frequency. 
4.2.2.2 Spatial	Frequency	from	a	Radon	Transform	
A radon transform is utilised to achieve the conversion of an image (such as that seen in 
Figure 58) into amplitude that varies with angle and distance. This section (‘4.2.2.2 
Spatial Frequency from a Radon Transform’) details how the radon transform performs 
this conversion. 
 
The fundamental step within a radon transform is the fact that is performs line integrals. 
‘Simpler’ integrals are widely used with respect to finding the area of a 2D surface. Line 
integrals take this ‘simple’ integration a step further and allow for the computation of a 
3D surface area, using a curve. The three dimensions within the radon function are the 
position (s), angle for the projections (θR) and space (s, θR). If an 2D image function can 
be given as A(x,y) the radon transform will perform line integrals in the plane of this 
function; where the line integrals are mapped at their position and angle into space. The 
resultant image can be given as R(s, θR). The information stored within this image is on 
the angular structure and as such allows for the exploration of dominant angles. 
(Hughes, 2018). A schematic of this process can be seen in Figure 59. [Note, due to the 
image being referenced from (Hughes, 2018) θR is shown as θ]. 
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Figure 59: A schematic diagram showing the principle of Radon transform analysis of a structured 2D image dataset 
is shown here. The left hand image, (a) represents a  2D data set which is then converted via pixel summation along 
different projection angles (shown in the centre image, (b)). The resultant full angular radon image, demonstrating 
image structure at -45° is shown in the right hand image, (c). The fundamental step within a radon transform is the 
fact that is performs line integrals. ‘Simpler’ integrals are widely used with respect to finding the area of a 2D 
surface. Line integrals take this ‘simple’ integration a step further and allow for the computation of a 3D surface 
area, using a curve. The three dimensions within the radon function are the position (s), angle (θR) and space (s, 
θR). If an 2D image function can be given as A(x,y) the radon transform will perform line integrals in the plane of 
this function; where the line integrals are mapped at their position and angle into space. The resultant image can 
be given as R(s, θR). The information stored within this image is on the angular structure and as such allows for the 
exploration of dominant angles (Hughes, 2018). [Note, due to the image being referenced from (Hughes, 2018) θR 
is shown as θ in the image]. 
 
In order to produce the spatial frequency distribution (which is required for further 
analysis of 2D weaves) a Fast Fourier Transform (FFT) is subsequently applied to a row 
in the R(s, θR) image. More detailed information on FFTs can be found in ‘Appendix Three: 
Fast Fourier Transforms’; it is not discussed here as it is not the focus of this thesis.  
Some pre-conditioning of this row is required and the steps of this process are detailed 
here: 
1. Subtract the mean so the data is bipolar and the mean is zero. 
2. Apply a flat-topped Hanning Window to the row to remove the effects of sudden 
edges. 
3. Zero-pad the data to 2n in order to increase the frequency resolution. 
This process can also be seen schematically in Figure 60.  
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Figure 60: A sketch of the pre-condition of a radon transform image, R(s, θ) row is shown here. The row is shown 
in the middle of this image. This pre-conditioning occurs in a process of three steps. Firstly, the mean is subtracted 
from the row so that the data is bipolar and the mean is zero. Secondly, a flat-topped Hanning window is applied 
to the row to remove the effects of sudden edges (the flat-topped window is seen at the top of this image). Lastly, 
the row is zero-padded to 2n in order to increase the frequency resolution (bottom of the image). 
 
It can be said that the first frequency point which is above zero has one cycle within the 
radon transform image that is in 2n points of spacing Xinc (Equation 29). Therefore, the 
frequency spacing of points in the FFT will be 1/2nXinc.  
 
Equation 29: Spatial-frequency  of points (or increments) within the output spectrum of the Fast Fourier 
Transform (FFT). Where (Xinc) is the spacing in the Radon transform (same as pixel size in the image). Inc = 
increment. 𝜈_¯ = 	 12𝑋_¯ 
 
In order to ensure that the data is sampled correctly and aliasing (misrepresentation 
caused in the conversion of analogue to digital by a sampling rate of data which is too 
low) does not occur, the Nyquist theorem is applied here; the frequency at which the 
sampling is undertaken should be at least twice the value of the highest unique 
frequency within the waveform. So, taking into account the described process above, 
for an ultrasonic scan in 0.2 mm step size, where a region of 73 x 73 pixels is used, the 
points used from the Radon transform for the FFT will be increased from 73 to 128 by 
zero padding or mean padding as appropriate. Zero padding to a higher power (n) will 
decrease the frequency increment further and could be beneficial. 
 
The spatial frequency distribution for each angle is displayed within LaunchNDT as one 
vertical greyscale line in a spatial frequency vs. angle plot, and an initial version can be 
seen in Figure 61. The line plot at the top of Figure 61 is representative of the spots on 
the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
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As mentioned previously in ‘1.3 Scope’, LaunchNDT has been updated throughout the 
undertaking of this project to follow and implement the outcomes of the research. 
 
 
 
Figure 61: A spatial frequency vs, angle plot produced in LaunchNDT for a simulated carbon fibre plain weave with 
a 2mm tow width and a scan step of 0.2mm. A single vertical greyscale line is representative of the spatial frequency 
distribution for each angle. In this image, the dotted line highlights the dominant spatial frequency at 0.5mm-1 (the 
spatial frequency is 1/tow width so this is to be expected). The two circles highlight the dominate angles, seen here 
at 0° and 90°, which indicate the fibre warp and weft directions of the simulated composite. The line plot at the 
top is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height 
of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot.  
 
The dominant spatial frequency seen in Figure 61 is 0.5mm-1 at both 0° and 90° 
directions (highlighted with circles). The Nyquist spatial frequency is at half the sample 
frequency or the reciprocal of twice the scan step (0.2mm). i.e. 2.5 mm-1; this can be 
seen to be the top of the spatial frequency scale in Figure 61. 
 
Figure 62 shows a five-harness satin weave, offset one. As the tow width is 2mm, there 
are indications at spatial frequency 0.5mm-1 at 0° and 90° directions (highlighted with 
the individually dotted and dashed lines respectively). The nature of the ‘offset one’ 
creates a 45° low frequency peak (highlighted with the dot-dash line). The respective 
angular tow patterns are highlighted by the corresponding line in the C-scan on the right 
of the image. 
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Figure 62: A carbon fibre five-harness satin weave, offset one is simulated here. The simulated composite has a 
2mm tow width. The left hand image is a spatial frequency vs. angle plot of the simulated weave and has three key 
angles highlighted by circles. As the tow width is 2mm, there are indications at spatial frequency 0.5mm-1 at 0° and 
90° directions (highlighted with the individually dotted and dashed lines respectively). The nature of the ‘offset 
one’ creates a 45° low frequency peak (highlighted with the dot-dash line). On the right hand image, the angular 
tow patterns of the corresponding angles are highlighted. The 45° tow pattern can be seen to be wider than those 
at 0° and 90°; this is reflected in the spatial frequency vs angle plot where the 45° spatial frequency is smaller than 
that of the 0° and 90° (owing to the fact that the spatial frequency is 1/fibre tow width). The line plot at the top of 
the spatial frequency vs. angle plot is representative of the spots on the main plot. The peaks can be seen at the 
angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter 
the spot. 
 
A five-harness satin weave, offset two can be seen in Figure 64. The tows are 2mm wide 
meaning the indications are again at spatial frequency 0.5mm-1 at 0° and 90° directions. 
The offset of two seems to result in no reflective symmetry, just rotational symmetry as 
highlighted in Figure 63. They key angles can be seen to be in pairs, with a separation of 
90°. They can be seen at approximately 38° and 128° with a spacing of 2mm, 20° and 
110°, 65° and 155°. 
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Figure 63: A carbon fibre five-harness satin weave, offset two has been simulated and shown here is the resultant 
spatial frequency vs. angle plot. The line plot at the top of the spatial frequency vs. angle plot is representative of 
the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent 
the brightness of the spot; the higher the peak, the brighter the spot. Whilst the key angles can be seen to be 
highlighted (see Figure 64 for further explanation) this image is included to highlight the difference between 
reflective (left hand side) and rotational symmetry (right hand side). On the right hand side image, it can be seen 
that there is no reflective symmetry around the centre (at 90°). However, in the left hand image there can be seen 
to be 90° rotational symmetry – key angles less than 90° have a corresponding set exactly 90° higher. 
 
  
90°
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Figure 64: A carbon fibre five-harness satin weave, offset two is simulated here. The simulated composite has a 
2mm tow width. The spatial frequency vs. angle plot can be seen in the left hand image with eight angles 
highlighted.  As the tows are 2mm wide the indications are at spatial frequency 0.5mm-1 and the key weft and warp 
indications are at 0° and 90° respectively. The offset of two seems to result in no reflective symmetry, just rotational 
symmetry. They key angles can be seen to be in pairs, with a separation of 90°. They can be seen at approximately 
38° and 128° with a spacing of 2 mm, 20° and 110°, 65° and 155°. The line plot at the top of the spatial frequency 
vs. angle plot is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and 
the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
4.2.2.3 Miller	indices	and	2D	weaves	
Crystallographic lattice planes are defined using Miller Indices in the form (hkl). In 2D 
situations, such as being analysed with 2D woven composites, l is zero. For the 
rectangular lattices being analysed here it is relatively straightforward, with indices h 
and k for the number of lines per lattice point spacing in the x and y directions 
respectively. A representation of five, 2D miller indices within lattice planes, can be seen 
in Figure 65. 
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Figure 65: Five examples of 2D Miller Indices within lattice planes can be seen here.  Crystallographic lattice planes 
are defined using Miller Indices in the form (hkl). In 2D situations, such as being analysed with 2D woven 
composites, l is zero. For the rectangular lattices being analysed here it is relatively straightforward, with indices h 
and k for the number of lines per lattice point spacing in the x and y directions respectively. A number in bold italics 
dictates a negative number. 
 
The fundamental spatial frequency at any angle is the one that gives the actual spacing; 
any subsequent spatial frequencies seen at the same angle are harmonics. Harmonics 
exist within the spatial frequency data because of the nature of Fourier analysis, even if 
there are no lines that are closer together than those for the fundamental. Therefore, it 
is only the fundamentals that can be trusted. For example, the plot seen in Figure 66 is 
an example of a plain weave with 2mm tows. It has a fundamental (solid circle) at 
0.5mm-1 at 90° and a harmonic (dotted circle) at 1.0mm-1. Note: all spatial frequency vs. 
angle plots will show harmonics as they are a product of the Fourier analysis. They are 
not mentioned in the discussions around the plots as they do not form weave 
characteristics (weave characteristics are discussed in ‘4.2.5 Individual Weave 
Characteristic Lines’. 
 
x 
y 
x 
y 
x 
y 
x 
y 
x 
y 
(11) (21) (31) (12) (21) 
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Figure 66: A spatial frequency vs. angle plot for a simulated plain weave with 2mm tow width is shown here. One 
of the fundamentals is known to be at spatial frequency of 0.5mm-1 at angle 90° (highlighted with the solid circle 
and dotted lines). [Note: the other fundamental exists at spatial frequency of 0.5mm-1 at angle 0°] The dotted line 
and dotted circle show that there is also an indication at spatial frequency of 1mm-1 and angle 90°, but this is a 
harmonic and cannot be trusted. The line plot at the top is representative of the spots on the main plot. The peaks 
can be seen at the angle of the spots and the height of the peaks represent the brightness of the spot; the higher 
the peak, the brighter the spot. 
 
4.2.2.4 Analysis	of	transformed	images	
At this stage the angle vs spatial-frequency transformed images are as unique for each 
weave as the original ultrasonic data. In other words, if two different weaves could 
produce the same ultrasonic image features then they would be indistinguishable in the 
transformed image too. Whilst the absolute position information has been lost in the 
transformation, in all other ways it should be possible to invert the transformation and 
get back to the original image. 
 
The challenge at this point was to build an understanding of how the transformed image 
relates to the weave such that weave-type classification and distortion mapping can be 
achieved. An initial overlay can be seen in Figure 67, highlighting that the integer Miller 
Indices (highlighted with the solid circles) fall on the curves. The curves represent an 
initial suggestion at an overlay and represent the spacing of arbitrary-angled 
fundamental crossings of the warp and weft lines. (For comparison the developed 
overlay can be seen in Figure 75). 
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Figure 67: The spatial frequency vs. angle plots for three different simulated weaves are shown here (from left to 
right: plain weave, 2x2 twill and five harness satin), with the integer Miller Indices (01) and (10) highlighted in 
orange. [Note: (01) and (10) represent the weft and warp respectively]. An initial overlay (designed to understand 
how the transformed image relates to the weave so that weave-type classification could be developed), is seen on 
the spatial frequency vs. angle plots. It can be seen that the fundamental points fall on the curves of the overlay. 
The line plots at the top are representative of the spots on the main plot. The peaks can be seen at the angle of the 
spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
After much deliberation of the exact information the spatial frequency vs. angle plots 
contain (and more importantly, how this information can be used in the analysis of 
composite weaves), as well as studying of simulated data, it was clear that the analysis 
of the spatial frequency vs. angle plots transformed images can be divided into three 
different related aspects that together provide a comprehensive theoretical treatment 
for the expected angle and spacing of lines. This can be seen Figure 68 in for a five-
harness satin weave. 
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Figure 68: The C-scan from an ultrasonic scan can of a five-harness satin weave offset two (left) with transformed 
image (right). On the right hand image of the spatial frequency vs. angle plots there is a solid curve, taken from the 
initial overlay in Figure 67,  representing the spacing of arbitrary-angled fundamental crossings of the warp and 
weft lines.  Anything below this curve is considered a weave characteristic, whilst anything on it or above it is a 
lattice line. These three aspects (curve, weave characteristics and lattice lines) have been developed following a 
large amount of data analysis, both from simulated data and ultrasonic data. Together they provide a 
comprehensive theoretical treatment for the expected angle and spacing of lines. The line plot at the top of the 
spatial frequency vs. angle plot is representative of the spots on the main plot. The peaks can be seen at the angle 
of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the 
spot. 
 
The three aspects of the theoretical framework are different primarily in terms of the 
spacings of the lines. The warp and weft tows form the basic lattice of points through 
which lattice lines pass, whilst the weave pattern forms weave-characteristic lines, 
which can be used to classify the weave type.  
 
By definition, the spacing of lattice lines must be less than or equal to the warp and weft 
spacings (i.e. they will have a higher spatial frequency) but the spacing of characteristic 
lines must be greater than the warp and weft spacings (they will have a lower spatial 
frequency) This can be seen in Figure 68. A curve can be used to define the spacing of 
arbitrary angled lines crossing the warp and the weft lines. This curved line may change 
shape if the warp and weft spacings differ from one another. (They are currently 
modelled as having the same spacing).  
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So, the three aspects of the theoretical framework are listed below. All three are 
important in the analysis of individual weave types: 
 
1. The repeat spacing of arbitrary-angled lines crossing single warp or weft tows 
(curve in Figure 68). These form the lattice points. 
2. The ‘effective lattice lines’ through the data that can be represented using the 
crystallographic Miller Indices with integer values (above the curve in Figure 68). 
These lines pass through the lattice points. 
3. The ‘weave characteristic lines’ that only exist because of the patterns caused by 
the weave. These are generally at larger spacings than the tow width resulting in 
fractional Miller indices (below the curve in Figure 68). 
It should be realised that all three of these treatments are important because there is 
evidence for them in the data, but they only coincide, in terms of predicting the same 
indications, for specific cases. They are dealt with individually in the coming sections 
‘4.2.3 Spacing of arbitrary angled lines across single warp and weft lines’, ‘4.2.4 Effective 
lattice lines (ij); angle and spacing’ and ‘4.2.5 Individual Weave Characteristic Lines’. 
4.2.3 Spacing	of	arbitrary	angled	lines	across	single	warp	and	weft	lines	
These arbitrary-angled lines are considered as an abstract theoretical treatment 
because they explain the presence of some of the bright spots on the spatial-frequency 
vs angle transformed image.  
 
Firstly, it should be noted that when calculating the spacing (S) as a function of the angle 
for warp and weft tows, it is almost impossible to specify which is warp and which is 
weft for most weaves (they are definitions used primarily in the weaving process) but 
they correspond to Miller indices (10) and (01) and can be seen in Figure 69. The warp 
and weft tows may not be perpendicular or have the same spacings (S10 and S01). The 
parallelogram P1 (Figure 69) is the fundamental region of overlap of the warp and weft 
tows. P2 is effectively a second-harmonic region of the fundamental overlap and is a 
useful concept for later in the theoretical treatment. 
- 166 - 
 
 
Figure 69: This diagram shows the theoretical method for calculating spacing of arbitrary angled lines (dashed) as 
a function of angle for warp and weft yarns, which may not be perpendicular or have the same widths. These 
arbitrary-angled lines are considered as an abstract theoretical treatment because they explain the presence of 
some of the bright spots on the spatial-frequency vs angle transformed image. It should be noted that when 
calculating the spacing (S) as a function of the angle for warp and weft tows, it is almost impossible to specify which 
is warp and which is weft for most weaves (they are definitions used primarily in the weaving process) but they 
correspond to Miller indices (10) and (01) and can be seen in here. The warp and weft tows may not be 
perpendicular or have the same spacings (S10 and S01). The parallelogram P1 is the fundamental region of overlap 
of the warp and weft tows. P2 is effectively a second-harmonic region of the fundamental overlap and is a useful 
concept for later in the theoretical treatment. 
 
For the line spacing of arbitrary angled lines (dashed in Figure 69) the distances denoted 
as (a) or (b) in Figure 69 should be used; they are the two different spacings of the 
crossings of the warp and weft lines. The equations for these line spacings can be seen 
in Equation 30 and Equation 31. Whether to use distance (a) or (b) depends on which 
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two sides of parallelogram (P1) are crossed by lines normal to the edges of the 
parallelogram (P1) at angle (θ), to a line at angle (α) passing through the centre. The 
change from (a) to (b) occurs at angles (θ1) or (θ2) within the parallelogram (P1) (as 
illustrated in Figure 70). 
 
Equation 30: Line spacing of arbitrary angled lines with distance between each other of (a) from the theoretical 
method for calculating spacing of arbitrary angled lines (dashed) as a function of angle for warp and weft yarns, 
which may not be perpendicular or have the same widths. These arbitrary-angled lines are considered as an 
abstract theoretical treatment because they explain the presence of some of the bright spots on the spatial-
frequency vs angle transformed image. Where (a) is the angle between the arbitrary angled lines and the weft 
tows. (S01) is the spacing of the weft fibre tows.  𝑎 = 	 ± Q²³´µ V± ; 𝜃 = 𝛼 + GF 
 
Equation 31: Line spacing of arbitrary angled lines with distance between each other of (b) from the theoretical 
method for calculating spacing of arbitrary angled lines (dashed) as a function of angle for warp and weft yarns, 
which may not be perpendicular or have the same widths. These arbitrary-angled lines are considered as an 
abstract theoretical treatment because they explain the presence of some of the bright spots on the spatial-
frequency vs angle transformed image. Where the angle (b) is the angle between the arbitrary angled lines and the 
warp tows. (S10) is the spacing of the warp fibre tows.  𝑏 = ¸ 𝑆vsin 𝛽¸ = 	 ¸ 𝑆vsin(𝜃 − 𝛿)¸ 
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Figure 70: A simple sketch to determine angular zones where the spacing of the arbitrary lines (shown in Figure 69) 
corresponds to the distance across a given tow. Whether to use distance (a) or (b) (Equation 30 and Equation 31) 
depends on which two sides of parallelogram (P1) are crossed by lines normal to the edges of the parallelogram 
(P1) at angle (θ), to a line at angle (α) passing through the centre. The change from (a) to (b) occurs at angles (θ1) or 
(θ2) within the parallelogram (P1).  
 
The angles (θ1) or (θ2) occur at points where (a) and (b) are equal so they are at the 
solutions for (θ) from the simultaneous equation (Equation 32); which can be deduced 
by combining Equation 30 and Equation 31. 
 
Equation 32: When the arbitrary line spacing of lines (a) shown in Equation 30 and of lines (b) shown in Equation 
31 are combined, a single simultaneous equation exists which is shown here. Where q is calculated using (𝜶+ 𝝅𝟐 ) 
where (a) is the angle between the arbitrary angled lines and the weft tows. The angle (d) is the angle between the 
x- and y- axis. (S10) is the spacing of the warp fibre tows, whilst (S01) is the spacing of the weft fibre tows. 
 ± Q²³´µ V± = ± Q²³´µ(Vf»)±  
 
 Q²³´µ V = ± Q²³´µ(Vf») 
 sin(𝜃 − 𝛿) = ±𝑆v𝑆v sin 𝜃 
 
 
Now in this form, a double angle formula can be substituted for sin(𝜃 − 𝛿). Double 
angle formulae allow the expression in terms of a double angle into its original 
trigonometric functions for the individual angles. This makes more complex calculations 
simpler.  
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Equation 33:  Double angle formula (the expression in terms of a double angle into its original trigonometric 
functions for the individual angles) for sin(A+B). Where A and B in this case are arbitrary variables to display the 
purpose of a double angle formula.  sin(𝐴 + 𝐵) = sin𝐴 cos𝐵 + cos𝐴 sin𝐵 
 
Below, Equation 33, is substituted into the developed simultaneous equation, resulting 
in Equation 34. 
 
Equation 34:  Substitution of Equation 33 (the double angle formula) into the developed simultaneous equation 
results in the equation for sind in terms of both cos and tan. Importantly for this work the spacing of the warp (S10) 
and weft (S01) are used here. Where q is calculated using (𝜶+ 𝝅𝟐 ) where (a) is the angle between the arbitrary 
angled lines and the weft tows. The angle (d) is the angle between the x- and y- axis. (S10) is the spacing of the warp 
fibre tows, whilst (S01) is the spacing of the weft fibre tows. sin 𝜃 cos 𝛿 − sin 𝛿 cos 𝜃 = ±𝑆v𝑆v sin 𝜃 
 tan 𝜃 cos 𝛿 − sin 𝛿 = ±𝑆v𝑆v tan 𝜃 
 tan 𝜃 cos 𝛿 ± 𝑆v𝑆v tan 𝜃 = sin 𝛿 
 tan 𝜃 zcos 𝛿 ± 𝑆v𝑆v| = sin 𝛿 
 
Equation 35: The cusp points (where spacing reaches a maximum and spatial frequency reaches a minimum, for 
the line spacing calculations) can be calculated using the variables of sind and cosd as well as the warp and weft 
spacings (S10 and S01). Where q is calculated using (𝜶+ 𝝅𝟐 ) where (a) is the angle between the arbitrary angled lines 
and the weft tows. The angle (d) is the angle between the x- and y- axis. (S10) is the spacing of the warp fibre tows, 
whilst (S01) is the spacing of the weft fibre tows. tan 𝜃 = sin 𝛿cos 𝛿 ± 𝑆v𝑆v 
 
The two solutions resulting from Equation 35 give the cusp points (as highlighted in 
Figure 68 by the dotted circles), where spacing reaches a maximum and spatial 
frequency reaches a minimum, for the line spacing calculations. Equation 30, for the 
calculation of the line spacing (a), is used for (θ) values between (θ1) and (θ2) to plot the 
fundamental curve for Miller indices (ij) on the spatial frequency vs angle plots, where 
the fundamental is given by (|𝑖| + |𝑗| = 1). Higher order curves, given by (|𝑖| + |𝑗| =𝑛), are calculated for the smaller parallelograms (Pn).  The link between these curves 
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and the actual angles and spatial frequencies of the lattice lines (ij) become more 
tenuous and they do not coincide except in special cases. 
 
 
 
Figure 71: A spatial frequency vs angle plot for a simulated plain weave showing the cusp shaped curves as an 
overlay. The cusp points are defined as being when the spacing reaches a maximum and spatial frequency reaches 
a minimum, for the line spacing calculations, an example of a cusp point can be seen at point (11). [Note: This 
version of the overlay also has specific Miller Indices highlighted automatically]. The different colours for the Miller 
Indices can be ignored. It was originally thought that Miller Indices relating to warp and weft tows could be 
distinguished but it is almost impossible to specify which is warp and which is weft for most weaves. The line plot 
at the top of the spatial frequency vs. angle plot is representative of the spots on the main plot. The peaks can be 
seen at the angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, 
the brighter the spot. 
 
Figure 71 shows a plain weave with the cusp-shaped lines overlaid in LaunchNDT. The 
fundamentals of (01) and (10) fall on one of the curves whilst in this example (11) are at 
cusp points. (Where the cusp points are locations at which the spacing reaches a 
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maximum and spatial frequency reaches a minimum, for the line spacing calculations 
and are calculated using Equation 35). 
4.2.4 Effective	lattice	lines	(ij);	angle	and	spacing	
As mentioned previously in ‘4.2.1 Ultrasonic response to a woven ply’, the instantaneous 
amplitude plot can be seen to show the weave pattern, owing to the thickness variation 
of the fibre tows. The idea of a lattice structure was developed from these instantaneous 
amplitude plots. Owing to the individuality of the weaves, these lattices may not be 
square or rectangular i.e. 𝛿	 ≠ GF 	𝑟𝑎𝑑𝑖𝑎𝑛𝑠. Figure 72 shows an example of this lattice 
(left) and where one of the Miller Indices is greater than unity (right).  
 
 
 
Figure 72: The left hand side of this image shows an example of this lattice (where, d ¹ p/2 radians) whilst the right 
hand side shows an example where one of the Miller Indices is greater than unity (right). Any instantaneous 
amplitude plot can be seen to show the weave pattern, owing to the thickness variation of the fibre tows. The idea 
of a lattice structure was developed from these instantaneous amplitude plots. Owing to the individuality of the 
weaves, these lattices may not be square or rectangular i.e.  d ¹ p/2 radians. 
 
The cases depicted in Figure 72, lead to the following equations for the angle (αij), 
(Equation 38) and the spacing (Sij), (Equation 39 and Equation 40) for the lattice lines (ij). 
The determination of S01 and S10 has been built into LaunchNDT, and are applied 
automatically during the analysis process. 
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Equation 36: The distance (dx) is the distance between lattice points in the x-direction where lattice points are 
defined by the locations where the warp and weft tows cross over). S10 is the spacing of the warp tows whilst the 
angle (d) is the angle between the x- and y- axis.  𝑑­ = 𝑆vsin 𝛿 
 
 
Equation 37: The distance (dy) is the distance between lattice points in the y-direction where lattice points are 
defined by the locations where the warp and weft tows cross over). S01 is the spacing of the warp tows whilst the 
angle (d) is the angle between the x- and y- axis. 𝑑Ä = 𝑆vsin 𝛿 
 
 
Equation 38: The angle (aij) is the angle between the x-axis and the nominal spacing of lattice lines (𝑺𝒊𝒋). Where 
(S01) is the spacing for the warp tows and (S10) is the spacing for the weft tows. The angle (d) is the angle between 
the x- and y- axis. tan 𝛼_h = 𝑖𝑆v sin 𝛿−𝑗𝑆v + 𝑖𝑆v cos 𝛿 
 
 
Equation 39: When the spacing of the weft tows (S10) is known the spacing of the lattice lines (𝑺𝒊𝒋) can be calculated 
using the angle (aij) between the x-axis and the nominal spacing of lattice lines (𝑺𝒊𝒋) and angle (d) between the x- 
and y- axis. 𝑆_h = 𝑆v sin 𝛼_h𝑖 sin 𝛿  
 
 
Equation 40: When the spacing of the weft tows (S10) is known the spacing of the lattice lines (𝑺𝒊𝒋) can be calculated 
using the angle (aij) between the x-axis and the nominal spacing of lattice lines (𝑺𝒊𝒋) and angle (d) between the x- 
and y- axis. 𝑆_h = 𝑆v sin(𝛼_h − 𝛿)𝑗 sin 𝛿  
 
 
Equation 39 and Equation 40 exist simultaneously because Equation 39 is ill-defined for 
lattice lines with Miller Indices (01) and Equation 40 is ill-defined for those lattice lines 
defined by (10). In cases when the warp and weft spacings are equal (i.e. S01 = S10) the 
resultant parallelogram (P), is a diamond shape. Where the normal to the lattice lines 
(defined by (11) and (-11)) will coincide with the lines between the corners of (P) in 
angle, but with half the spacing. Therefore, the (11) and (-11) bright spots (in the spatial 
frequency plot) will appear on the 2nd harmonic line at the cusps. 
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In general cases where the warp and weft tows are different (i.e. S01 ≠ S10) there will be 
a difference in the angle and spacing of the normal to (11) and (-11) lines and the lines 
between the corners of (P). In this situation the (11) and (-11) bright spots (in the spatial 
frequency plot) will not appear on the 2nd harmonic line at the cusps. An example of this 
lattice can be seen in Figure 73. 
 
 
 
Figure 73: A sketched example of a lattice where S01 ≠ S10. When S01 ≠ S10 there will be a difference in the angle and 
spacing of the normal to (11) and (-11) lines and the lines between the corners of (P). In this situation the (11) and 
(-11) bright spots (in the spatial frequency vs angle plot) will not appear on the 2nd harmonic line at the cusps. 
(Where the cusp points are locations at which the spacing reaches a maximum and spatial frequency reaches a 
minimum, for the line spacing calculations are calculated using Equation 35). 
4.2.5 Individual	Weave	Characteristic	Lines	
If the warp and weft tows form the basic lattice of points through which lattice lines pass 
(seen in Figure 74), the weave pattern forms the weave-characteristic lines, which can 
be used to classify the weave type. By definition the spacing of these characteristic lines 
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should be greater than the warp and weft spacings, so the weave characteristics are 
generally sub-harmonics of integer Miller-indices lines. In this section (‘4.2.5 Individual 
Weave Characteristic Lines’), (M) is used to denote the ratio of spatial frequencies of the 
fundamental Miller lattice lines to the sub-harmonic weave-characteristic lines. 
 
 
 
Figure 74: An instantaneous amplitude C-scan for a simulated five-harness satin weave. At the points where the 
warp and weft tows cross each other, lattice points can be created; they are highlighted here with circles. These 
lattice points correspond to the circles seen in Figure 73 for example. 
 
4.2.5.1 Weave	Characteristic	Overlay	
An overlay can be created which identifies the spots representing the fundamental 
lattice lines and sub-harmonics; it indicates the expected locations of spots on the 
spatial frequency vs. angle plots. This overlay can be seen in Figure 75. The large black 
circles are the lattice lines (represented by Miller Indices in the form (hk)) where the 
smaller coloured circles represent sub-harmonics of those fundamental lattice lines i.e., 
they are the lattice lines divided by (M); in accordance with the key seen at the top of 
the image. By definition these sub-harmonics will be weave characteristic lines. 
 
This overlay is applicable to any weave type and is utilised in the analysis of a variety of 
weaves in the coming sections (‘4.2.5.2 Plain Weave’, ‘4.2.5.3 Basket Weave’, ‘4.2.5.4 
Twill Weave’, ‘4.2.5.5 Five-Harness Satin Weave’ and ‘4.2.5.6 Four- Harness Crows Foot 
Satin Weave’). 
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Figure 75: The final overlay which was developed for a composite with delta (d) = 90° and a 2mm fibre-tow width. 
The large circles are the fundamental lattice lines and are represented by the Miller Indices, in the form (hk) as 
described in Figure 65. The small circles are the sub-harmonics which are defined as the spatial frequencies 
associated with the large circles, divided by the integer, M, in the legend (which is located at the top of the image). 
 
4.2.5.2 Plain	Weave	
For a plain weave, the simulated data suggests that all the square-lattice lines are 
present. In some cases, there are weave characteristics at half the frequency of some of 
these lattice lines due to the alternating nature of the weave. In particular, indications 
are strong at ()F , ()F , (f)F  and (f)F ; as well as at ()F  and/or (f)F . Therefore, it can be 
said that M=2. A simulated plain weave (tow width 2mm) and its corresponding spatial 
frequency vs. angle plot can be seen in Figure 76. 
 
As a way of explanation, the initial curved overlay seen in Figure 76 can be seen to have 
the Miller Indices of the lattice lines coloured both red and green. This stems from an 
initial thought process of identifying warp and weft by different colours. It can be seen 
in Figure 73 (for example) that the spacing of the weft tows are identified in green and 
the spacing of the warp tows are identified in red. This was carried through into the 
overlay. However, as described in ‘4.2.3 Spacing of arbitrary angled lines across single 
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warp and weft lines’ it was later established that it is almost impossible to specify which 
is warp and which is weft for most weaves (they are definitions used primarily in the 
weaving process). The red and green colouring was later changed to a colour per curve 
as can be seen in Figure 80. 
 
 
 
Figure 76: A simulated plain weave with fibre tow width of 2mm is shown on the right hand side. The left hand side 
shows the corresponding spatial frequency vs. angle plot. Firstly, it should be noted that for a plain weave, there 
are no weave characteristics below the fundamental curve. The coloured ovals on the left hand side correspond to 
the same coloured lines of the right hand side highlighting the angled lattice lines detected as part of the spatial 
frequency process. The line plot at the top of the spatial frequency vs. angle plot is representative of the spots on 
the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the brightness 
of the spot; the higher the peak, the brighter the spot. (It should be noted here that the analysis behind this figure 
does not include the use of the overlay shown in Figure 75, rather the original curved overlay pictured in Figure 67). 
 
4.2.5.3 Basket	Weave	
A basket weave is more complicated than a plain weave as there can be a different 
number of tows in the warp and weft direction. Some specific examples are discussed 
here (throughout this section, ‘4.2.5.3 Basket Weave’), before a generic ‘Nxn’ basket 
weave is explained.  
 4.2.5.3.1 1x2	Basket	Weave	
A simulated 1x2 basket weave (fibre tow width of 2mm) has been created in LaunchNDT 
and the overlay (Figure 75) is applied automatically during the analysis process. Figure 
77 shows the result of this simulation and analysis; the circles on the overlay are seen 
to match the spots highlighted on the spatial frequency vs. angle plot. 
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Figure 77: A simulated 1x2 basket weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 25° and 155°. Weave characteristics are those spots on the spatial frequency vs. angles plots which 
can be identified below the fundamental curve. The key angles are highlighted by ovals on the spatial frequency 
vs. angle plots and corresponding lines on the simulated C-scan. Note that the lower the spatial frequency the 
larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre tow width). 
Remembering that this is a 1x2 basket weave note that at the primary point of (01) has no sub-harmonics (M=1), 
but the primary point of (10) has two sub-harmonics (M=2). Where M is the integer value by which the fundamental 
Miller Indices points on the overlay are divided. The line plot at the top of the spatial frequency vs. angle plot is 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
At the fundamental point of (01) there are no sub-harmonics seen, which indicates that 
at this location M=1. When looking at the second fundamental point of (10) a second 
harmonic can be seen, indicating a value of M=2. There are six spots on the spatial 
frequency vs. angle plot that should be noted. Of the highest amplitude (i.e. the 
brightest/most intense spots) are the weave characteristics; the subharmonics of (12) 
and (1-2) which have a value of M=4. With a medium amplitude there are sub-harmonics 
of (32) and (3-2) and with a low amplitude there are sub-harmonics of (15) and (1-5); 
they all can be found at M=4. 
 
As a sanity check for the validity of the overlay, any of the Miller Indices can be double 
checked; when d is known alongside S01 and S10, the corresponding tan 𝛼_h  (Equation 38) 
and 𝑆_h  (Equation 39) values can be obtained. In this instance d = 90° (i.e. for a pristine 
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weave). For example, the value of the variables for the spot found at Miller Indices (32), 
can be calculated to be 𝛼F = 56.3° and subsequently 𝑆F = 0.277𝑆v. As it is known 
that S10 = 2mm, then S32 = 0.554mm; with a consequent spatial frequency of 1.8mm-1. 
When looking at the value of (32) on the spatial frequency vs. angle plot, this can be 
seen to be correct. 
 4.2.5.3.2 1x3	Basket	Weave	
Figure 78 shows the analytical results of a simulated 1x3 basket weave. As before, the 
fibre tow width is 2mm and d = 90°. 
 
 
 
Figure 78: A simulated 1x3 basket weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 17° and 163°. Weave characteristics are those spots on the spatial frequency vs. angles plots which 
can be identified below the fundamental curve. The key angles are highlighted by ovals on the spatial frequency 
vs. angle plots and corresponding lines on the simulated C-scan. Note that the lower the spatial frequency the 
larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre tow width). 
Remembering that this is a 1x3 basket weave note that at the primary point of (01) has no sub-harmonics (M=1), 
but the primary point of (10) has two sub-harmonics (M=3). Where M is the integer value by which the fundamental 
Miller Indices points on the overlay are divided. The line plot at the top of the spatial frequency vs. angle plot is 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
As with the above 1x2 basket weave there are no sub-harmonics of (01) indicating that 
M=1. At (10) there are three sub-harmonics, meaning M=3. Weave characteristics can 
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be seen at M=6 sub-harmonics of (13) and (1-3); and can be seen to display a high 
amplitude. There are further spots of a medium amplitude at M=6 of (53) and (5-3). 
 
At this juncture it would appear that the definition of the basket weave can be initially 
indicated with the number of sub-harmonics at the (01) and (10) locations respectively. 
This can be seen in Table 10. 
 
Table 10: Using the sub-harmonic integer (M) values seen at the (01) and (10) locations on the spatial frequency vs.  
angle plots for basket weaves an initial suggestion is that the basket weave can be defined in terms of its warp and 
weft properties.  
 
M value 
at (01) 
M value at 
(10) 
Basket Weave 
Definition 
1 2 1x2 
1 3 1x3 
 
In order to confirm this, further basket weaves have been explored and are covered in 
the coming sections (‘4.2.5.3.3 2x2 Basket Weave’, ‘4.2.5.3.4 3x3 Basket Weave’, 
‘4.2.5.3.5 3x1 Basket Weave’, ‘4.2.5.3.6 4x1 Basket Weave’, ‘4.2.5.3.7 3x2 Basket Weave’ 
and ‘4.2.5.3.8 4x2 Basket Weave’). 
 4.2.5.3.3 2x2	Basket	Weave	
A simulated 2x2 basket weave has sub-harmonics of M=2 at both (01) and (10), which is 
in accordance with the above statement in regards to the data seen in Table 10. Figure 
79 also shows a weave characteristic at M=4, sub-harmonic of (11) as well as weave 
characteristics at (13), (31), (3-1) and (1-3) with a M=4 value (all of high amplitude.) It 
should be noted at this point, that the definitions of high, medium and low amplitude are 
arbitrarily dictated by comparison across the individual spatial frequency vs. angle plots. 
There are also low amplitude M=2, sub-harmonics of (12), (21), (2-1) and (1-2). 
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Figure 79: A simulated 2x2 basket weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 18°, 72°, 108° and 162°. Weave characteristics are those spots on the spatial frequency vs. angles 
plots which can be identified below the fundamental curve. The key angles are highlighted by ovals on the spatial 
frequency vs. angle plots and corresponding lines on the simulated C-scan. Note that the lower the spatial 
frequency the larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre tow 
width). Remembering that this is a 2x2 basket weave note that at the primary point of (01) has one sub-harmonic 
(M=2), and the primary point of (10) has one sub-harmonic (M=2). Where M is the integer value by which the 
fundamental Miller Indices points on the overlay are divided. The line plot at the top of the spatial frequency vs. 
angle plot is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the 
height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 4.2.5.3.4 3x3	Basket	Weave	
In accordance with the on-going pattern being discussed (first introduced in ‘4.2.5.3.2 
1x3 Basket Weave’ and shown in Table 10), both fundamentals of (01) and (10) display 
sub-harmonics at M=3. The weave characteristics can be seen with a high amplitude at 
M=6 of (15), (1-5), (51) and (5-1). Further low amplitude spots are at M=6 sub-harmonics 
for (13), (31), (3-1) and (1-3). They can be seen in Figure 80. 
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Figure 80: A simulated 3x3 basket weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 10°, 70°, 110° and 170°. Weave characteristics are those spots on the spatial frequency vs. angles 
plots which can be identified below the fundamental curve. The key angles are highlighted by ovals on the spatial 
frequency vs. angle plots and corresponding lines on the simulated C-scan. Note that the lower the spatial 
frequency the larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre tow 
width). Remembering that this is a 3x3 basket weave note that at the primary point of (01) has two sub-harmonics 
(M=3), and the primary point of (10) has two sub-harmonics (M=3). Where M is the integer value by which the 
fundamental Miller Indices points on the overlay are divided. The line plot at the top of the spatial frequency vs. 
angle plot is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the 
height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 4.2.5.3.5 3x1	Basket	Weave	
In this instance, pictured in Figure 81, there is a M=3 sub-harmonic at (01) and no sub-
harmonics at (10) meaning M=1. Again, this fits with the initial thinking that definition 
of the basket weave can be initially indicated with the number of sub-harmonics at the 
(01) and (10) locations respectively. High amplitude weave characteristics can be seen 
at M=6 sub-harmonics of (31) and (3-1). There are two further spots, with a low 
amplitude of (35) and (3-5) with a value of M=6. 
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Figure 81: A simulated 3x1 basket weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 72° and 108°. Weave characteristics are those spots on the spatial frequency vs. angles plots which 
can be identified below the fundamental curve. The key angles are not highlighted on the spatial frequency vs. 
angle plots but the angled lines are shown on the simulated C-scan. Note that the lower the spatial frequency the 
larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre tow width). 
Remembering that this is a 3x1 basket weave note that at the primary point of (01) has two sub-harmonics (M=3), 
but the primary point of (10) has no sub-harmonics (M=1). Where M is the integer value by which the fundamental 
Miller Indices points on the overlay are divided. The line plot at the top of the spatial frequency vs. angle plot is 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 4.2.5.3.6 4x1	Basket	Weave	
The fundamental of (01) can be seen to have sub-harmonics of M=4, whilst (10) has a 
value of M=-1 as it displays no sub-harmonics; continuing to concur with the initial 
thinking on the identification of basket weaves. Weave characteristics are located at 
M=6 for (3-1) and (31); these are of high amplitude. There are further low amplitude 
spots seen at M=6 of (3-5) and (35).  
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Figure 82: A simulated 4x1 basket weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 72° and 108°. Weave characteristics are those spots on the spatial frequency vs. angles plots which 
can be identified below the fundamental curve. The key angles are not highlighted on the spatial frequency vs. 
angle plots but the angled lines are shown on the simulated C-scan. Note that the lower the spatial frequency the 
larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre tow width). 
Remembering that this is a 4x1 basket weave note that at the primary point of (01) has three sub-harmonics (M=4), 
but the primary point of (10) has no sub-harmonics (M=1). Where M is the integer value by which the fundamental 
Miller Indices points on the overlay are divided. The line plot at the top of the spatial frequency vs. angle plot is 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 4.2.5.3.7 3x2	Basket	Weave	
Figure 83 shows the results from a simulated 3x2 basket weave and can be seen to show 
a value of M=3 for (01) and M=2 for (10); continuing the correlation of initially identifying 
a basket weave using the (M) values for (01) and (10) respectively. Weave characteristics 
can be seen at M=5 for (1-4), (14), (4-1) and (41).  
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Figure 83: A simulated 3x2 basket weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 20°, 75°, 105° and 160°. Weave characteristics are those spots on the spatial frequency vs. angles 
plots which can be identified below the fundamental curve. The key angles are not highlighted on the spatial 
frequency vs. angle plots but the angled lines are shown on the simulated C-scan. Note that the lower the spatial 
frequency the larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre tow 
width). Remembering that this is a 3x2 basket weave note that at the primary point of (01) has two sub-harmonics 
(M=3), and the primary point of (10) has one sub-harmonics (M=2). Where M is the integer value by which the 
fundamental Miller Indices points on the overlay are divided. The line plot at the top of the spatial frequency vs. 
angle plot is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the 
height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 4.2.5.3.8 4x2	Basket	Weave	
Finally, a 4x2 basket weave has been simulated and is seen in Figure 84. To complete 
the initial theory, (01) has a value of M=4, whilst (10) has a value of M=2. 
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Figure 84: A simulated 4x2 basket weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 15°, 80°, 100° and 165°. Weave characteristics are those spots on the spatial frequency vs. angles 
plots which can be identified below the fundamental curve. The key angles are not highlighted on the spatial 
frequency vs. angle plots but the angled lines are shown on the simulated C-scan. Note that the lower the spatial 
frequency the larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre tow 
width). Remembering that this is a 4x2 basket weave note that at the primary point of (01) has three sub-harmonics 
(M=4), and the primary point of (10) has one sub-harmonics (M=2). Where M is the integer value by which the 
fundamental Miller Indices points on the overlay are divided. The line plot at the top of the spatial frequency vs. 
angle plot is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the 
height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 4.2.5.3.9 Generic	Nxn	Basket	Weave	
As mentioned at the beginning of this section (‘4.2.5.3 Basket Weave’), following the 
investigation of specific basket weaves, it is useful to have the capability to define a 
generic Nxn basket weave. A series of tables (Table 11, Table 12, Table 13 and Table 14) 
have been compiled to try to understand how best to define the generic Nxn basket 
weave. 
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Table 11: When considering a generic Nxn basket weave, it is useful for the automated detection software to have 
the capability of defining the generic Nxn. For, N=1, formulaic definitions have been suggested and the key angle 
of (a) and spacing (S) have both been predicted and the simulated (using LaunchNDT); the difference between the 
two can also be seen. Nominally, any difference greater than 1.00 has been shown in bold. 
N=1 α (°) S (mm) 
N n i j M Formulaic M 
Pr
ed
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ed
 
Si
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ed
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e 
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ed
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ed
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ffe
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Am
p 
1 2 0 1 1 (0 1/N) N 0.00 1.00 1.00 2.00 2.00 0.00 High 
1 2 1 0 2 (1/n 0) n 90.00 91.00 1.00 4.00 4.00 0.00 High 
1 2 1 2 4 (1 N+n-1) / 2n 2n -26.60 -25.00 1.60 3.58 3.50 0.08 Med 
1 2 1 -2 4 (1 1-N-n) / 2n 2n 26.60 27.00 0.40 3.58 3.50 0.08 Med 
1 2 3 2 4 (2n-N n) / 2n 2n -56.30 -55.00 1.30 2.22 2.10 0.12 Low 
1 2 3 -2 4 (2n-N -n) / 2n 2n 56.30 57.00 0.70 2.22 2.10 0.12 Low 
              
1 3 0 1 1 (0 1/N) N 0.00 1.00 1.00 2.00 2.00 0.00 High 
1 3 1 0 3 (1/n 0) n 90.00 91.00 1.00 6.00 6.00 0.00 H/Med 
1 3 1 3 6 (1 N+n-1) / 2n 2n -18.40 -17.00 1.40 3.79 3.60 0.19 Med 
1 3 1 -3 6 (1 1-N-n) / 2n 2n 18.40 197.00 178.60 3.79 3.60 0.19 Med 
1 3 5 3 6 (2n-N n) / 2n 2n -59.00 -58.00 1.00 2.06 2.00 0.06 Low 
1 3 5 -3 6 (2n-N -n) / 2n 2n 59.00 60.00 1.00 2.06 2.00 0.06 Low 
 
Table 12: When considering a generic Nxn basket weave, it is useful for the automated detection software to have 
the capability of defining the generic Nxn. For, N=2, formulaic definitions have been suggested and the key angle 
of (a) and spacing (S) have both been predicted and the simulated (using LaunchNDT); the difference between the 
two can also be seen. Nominally, any difference greater than 1.00 has been shown in bold. 
N=2 α (°) S (mm) 
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2 2 0 1 2 (0 1/N) N 0.00   2.00   High 
2 2 1 0 2 (1/n 0) n 90.00   4.00   High 
2 2 1 1 4  2n -45.00   5.66   - 
2 2 1 3 4 (1 N+n-1) / 2n 2n -18.40   2.53   Med 
2 2 1 -3 4 (1 1-N-n) / 2n 2n 18.40   2.53   Med 
2 2 3 1 4 (N+n-1 1) / 2N 2N -71.60   2.53   Med 
2 2 3 -1 4 (N+n-1 -1) / 2N 2N 71.60   2.53   Med 
2 2 1 2 2 (1 n) / n(N-1) n(N-1) -26.60   1.79   - 
2 2 1 -2 2 (1 -n) / n(N-1) n(N-1) 26.60   1.79   - 
2 2 2 1 2 (N 1) / N(n-1) N(n-1) -63.40   1.79   - 
2 2 2 -1 2 (N -1) / N(n-1) N(n-1) 63.40   1.79   - 
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Table 13: When considering a generic Nxn basket weave, it is useful for the automated detection software to have 
the capability of defining the generic Nxn. For, N=3, formulaic definitions have been suggested and the key angle 
of (a) and spacing (S) have both been predicted and the simulated (using LaunchNDT); the difference between the 
two can also be seen. Nominally, any difference greater than 1.00 has been shown in bold. 
N=3 α (°) S (mm) 
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3 3 0 1 3 (0 1/N) N 0.00   2.00   High 
3 3 1 0 3 (1/n 0) n 90.00   6.00   High 
3 3 1 5 6 (1 N+n-1) / 2n 2n -11.30   2.35   Med 
3 3 1 -5 6 (1 1-N-n) / 2n 2n 11.30   2.35   Med 
3 3 5 1 6 (N+n-1 1) / 2N 2N -78.70   2.35   Med 
3 3 5 -1 6 (N+n-1 -1) / 2N 2N 78.70   2.35   Med 
3 3 1 3 6 (1 n) / n(N-1) n(N-1) -18.40   3.79   Low 
3 3 1 -3 6 (1 -n) / n(N-1) n(N-1) 18.40   3.79   Low 
3 3 3 1 6 (N 1) / N(n-1) N(n-1) -71.60   3.79   Low 
3 3 3 -1 6 (N -1) / N(n-1) N(n-1) 71.60   3.79   Low 
              
3 1 0 1 3 (0 1/N) N 0.00   2.00    
3 1 1 0 1 (1/n 0) n 90.00   2.00    
3 1 3 1 6 (N+n-1 1) / 2N 2N -71.60   3.79   High 
3 1 3 -1 6 (N+n-1 -1) / 2N 2N 71.60   3.79   High 
3 1 3 5 6 (N 2N-n) / 2N 2N -31.00   2.06   Low 
3 1 3 -5 6 (N n-2N) / 2N 2N 31.00   2.06   Low 
              
3 2 0 1 3 (0 1/N) N 0.00   2.00    
3 2 1 0 2 (1/n 0) n 90.00   4.00    
3 2 4 1 5.5 (N+n-1 1) / 2N 2N -76.00   2.67   High 
3 2 4 -1 5.5 (N+n-1 -1) / 2N 2N 76.00   2.67   High 
3 2 1 3 3.7 (1 N) / 2n  -18.40   2.34   Med 
3 2 1 -3 3.7 (1 -N) / 2n  18.40   2.34   Med 
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Table 14: When considering a generic Nxn basket weave, it is useful for the automated detection software to have 
the capability of defining the generic Nxn. For, N=4, formulaic definitions have been suggested and the key angle 
of (a) and spacing (S) have both been predicted and the simulated (using LaunchNDT); the difference between the 
two can also be seen. Nominally, any difference greater than 1.00 has been shown in bold. 
N=4 α (°) S (mm) 
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4 2 0 1 4 (0 1/N) N 0.00   2.00    
4 2 1 0 2 (1/n 0) n 90.00   4.00    
4 2 5 1 7 (N+n-1 1) / 2N 2N -78.70   2.75    
4 2 5 -1 7 (N+n-1 -1) / 2N 2N 78.70   2.75    
              
4 1 0 1 4 (0 1/N) N 0.00   2.00    
4 1 1 0 1 (1/n 0) n 90.00   2.00    
4 1 4 1 8 (N+n-1 1) / 2N 2N -76.00   3.88    
4 1 4 -1 8 (N+n-1 -1) / 2N 2N 76.00   3.88    
 
 
The above tables can be summarised with four key statement below: 
1. The initial type of basket weave can be identified by [(01)/N] and [(10)/n] 
2. If N¹1 then [(N+n-11)/2N] and [(N+n-1-1)/2N]. This results in high amplitude 
spots. 
3. If n¹1 then [(1N+n-1)/2n] and [(11-N-n)/2n]. This results in either low or high 
amplitude spots. 
4. If N=n then [(N±1)/N(n-1)] and [(1±n)/n(N-1)]. This results in low amplitude 
spots. 
 
4.2.5.4 Twill	Weave	
A twill weave has the same number of tows in the warp direction as in the weft and 
therefore, following the analysis of a 2x2 and a 3x3 twill, a more generic NxN Twill weave 
characteristics can be understood. Figure 85 highlights a twill weave with fundamental 
variables highlighted. 
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Figure 85: A sketch of an exemplar twill weave. The resulting pattern of the warp and weft fibres can be seen with 
the yellow vertical fibre sections and the green horizontal fibre sections. Three key spacing values (S01, S10 and S11) 
are marked. Further key lattice lines of Miller Indices (13) and (31). The angles, delta (d) and gamma (g) are also 
highlighted. 
 4.2.5.4.1 2x2	Twill	Weave	
The 2x2 twill analysis was performed on simulated data with a 2mm tow width and the 
resultant spatial frequency vs. angle plot can be seen in Figure 86. There are four weave 
characteristics for a 2x2 twill, two of which lie at (1-1), with values of M=2 and M=4. 
There are two further characteristics at M=4 for (31) and (13).  
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Figure 86: A simulated 2x2 twill weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 45°, 110° and 165°. Weave characteristics are those spots on the spatial frequency vs. angles plots 
which can be identified below the fundamental curve. The key weave characteristic angles (45°, 110° and 165°) are 
highlighted on the spatial frequency vs. angle plots and the angled lines are shown on the simulated C-scan. The 
red and green lines on the simulated c-scan highlight the warp and weft tows and are now an automatic feature of 
the LaunchNDT analysis. Note that the lower the spatial frequency the larger the spacing between the patterned 
lines (due to the spatial frequency being 1/fibre tow width). The line plot at the top of the spatial frequency vs. 
angle plot is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the 
height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 4.2.5.4.2 3x3	Twill	Weave	
Similarly, a 3x3 twill weave, with tow width of 2mm, has also been analysed and this can 
be seen in Figure 87. As with the above 2x2 twill, there are two weave characteristics at 
(1-1); in this instance they have values of M=3 and M=6. The remaining two weave 
characteristics can be found at (51) and (15) with M=6. Two further low amplitude sub-
harmonics of M=3 are found at (21) and (12). 
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Figure 87: A simulated 3x3 twill weave (tow width of 2mm) showing fundamental weave characteristics, seen at 
approximately 45°, 105° and 170°. Weave characteristics are those spots on the spatial frequency vs. angles plots 
which can be identified below the fundamental curve. The key weave characteristic angles (45°, 105° and 170°) are 
highlighted on the spatial frequency vs. angle plots and the angled lines are shown on the simulated C-scan. The 
red and green lines on the simulated c-scan highlight the warp and weft tows and are now an automatic feature of 
the LaunchNDT analysis. Note that the lower the spatial frequency the larger the spacing between the patterned 
lines (due to the spatial frequency being 1/fibre tow width). The line plot at the top of the spatial frequency vs. 
angle plot is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the 
height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 4.2.5.4.3 Generic	NxN	Twill	
The above analysis of a 2x2 and 3x3 twill weave can be further extended to generic NxN 
twill with a rotation angle (γ), and a distortion angle (δ), suggesting that three weave 
indications of h (herringbone pattern), 1 (line) and 2 (line) can be defined. 
 
If the familiar herringbone pattern (h) is aligned along either ÆP ÇPÈ or ÆP PÈ  and Æ FP 	 ÇFPÈ 
or Æ FP 	 FPÈ, then the two primary parameters of (αh) and (Sh) can be seen in Table 41 
and Equation 42 respectively. 
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Equation 41: For a generic NxN twill a herringbone pattern is seen (caused by the warp and weft tows) and the  
angle between the arbitrary angled lines and the weft tows (αh) for a herringbone pattern weave can be 
established; where S01 and S10 are the spacings of the warp and weft tows respectively.  The angle (d) is the angle 
between the x- and y- axis. tan αÊ = 𝑆v sin 𝛿±𝑆v + 𝑆v cos 𝛿 
 
 
Equation 42: (Sh) for a herringbone pattern weave. For a generic NxN twill a herringbone pattern is seen (caused 
by the warp and weft tows) and the spacing of the herringbone pattern (Sh) be established; where S10 is the spacing 
of the weft tows.  The angle (d) is the angle between the x- and y- axis and N is the given integer of the twill weave. 
The angle (αh) is the angle between the arbitrary angled lines and the weft tows for a herringbone pattern weave. 𝑆Ê = ¸𝑁𝑆v sin 𝛼Êsin 𝛿 ¸ 
 
However, for the progression of the herringbone pattern along ÆP ÇPÈ which is at 
approximately 45° the effective Miller Indices for line 1 and line 2 are Æ FË FPfFP È	and ÆFPfFP FPÈ correspondingly. This inherently has an effect on the (α) and (S) values, as 
seen Equation 43 and Equation 44. 
 
Equation 43: For a herringbone pattern, resulting from NxN twill weave, the Miller Indices for line 1 at 45° 
specifically can be written as Æ 𝟏𝟐𝐍 𝟐𝑵f𝟏𝟐𝑵 È. Consequently, the angle (a1) and spacing (S1) for this line can be calculated 
using spacing of the warp and weft (S01 and S10 respectively), angle (d) which is the angle between the x- and y- axis 
and (N) the given integer of the twill weave. tan 𝛼 = Q² ³´µ »f(FPf)Q²ÌQ² ÍÎ³ » 𝑎𝑛𝑑	𝑆 = ±(FP)Q² ³´µÏ³´µ » ± 
 
 
Equation 44: For a herringbone pattern, resulting from NxN twill weave, the Miller Indices for line 2 at 45° 
specifically can be written as Æ𝟐𝑵f𝟏𝟐𝑵 𝟏𝟐𝑵È. Consequently, the angle (a2) and spacing (S2) for this line can be calculated 
using spacing of the warp and weft (S01 and S10 respectively), angle (d) which is the angle between the x- and y- axis 
and (N) the given integer of the twill weave. tan 𝛼F = (FPf)Q² ³´µ »fQ²Ì(FPf)Q² ÍÎ³ » 	𝑎𝑛𝑑 𝑆F = ±(FP)Q² ³´µÏ(FPf) ³´µ » ± 
 
Similarly, when considering the progression along ÆP PÈ which is approximately 135°, 
the Miller Indices are Æ FP FPfFPÐÐÐÐÐÐÈ and ÆFPfFPÐÐÐÐÐÐ FPÈ for line 1 and line 2. Equation 45 and 
Equation 46 show the corresponding (α) and (S) values. 
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Equation 45: For a herringbone pattern, resulting from NxN twill weave, the Miller Indices for line 1 at 135° 
specifically can be written as Æ 𝟏𝟐𝑵 𝟐𝑵f𝟏𝟐𝑵ÐÐÐÐÐÐÈ. Consequently, the angle (a1) and spacing (S1) for this line can be calculated 
using spacing of the warp and weft (S01 and S10 respectively), angle (d) which is the angle between the x- and y- axis 
and (N) the given integer of the twill weave. tan 𝛼 = Q² ³´µ »(FPf)Q²ÌQ² ÍÎ³ » 	𝑎𝑛𝑑 𝑆 = ±(FP)Q² ³´µÏ³´µ » ± 
 
 
Equation 46: For a herringbone pattern, resulting from NxN twill weave, the Miller Indices for line 2 at 135° 
specifically can be written as Æ𝟐𝑵f𝟏𝟐𝑵ÐÐÐÐÐÐ 𝟏𝟐𝑵È. Consequently, the angle (a2) and spacing (S2) for this line can be calculated 
using spacing of the warp and weft (S01 and S10 respectively), angle (d) which is the angle between the x- and y- axis 
and (N) the given integer of the twill weave. tan 𝛼F = (FPf)Q² ³´µ »Q²Ì(FPf)Q² ÍÎ³ » 	𝑎𝑛𝑑 𝑆F = ±(FP)Q² ³´µÏ(FPf) ³´µ » ± 
 
In order to test these equations a comparison of the theoretical predications of the angle 
(α) and spacing (S) against measured indication from weaves simulated on LaunchNDT 
was undertaken. The results for a 2x2 twill and 3x3 twill can be seen in Table 15 showing, 
on the whole very good correlation between the predicted and simulated results for (α) 
and (S). Differences of 1.00 or more have been highlighted; where 1.00 has been chosen 
as a nominal threshold. 
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Table 15: Generic NxN twill equations have been suggested for the herringbone pattern (h), and the Miller indices 
for line 1 (1) and line 2 (2). Here the predicted values, using the equations and the simulated values, using 
LaunchNDT are shown. A nominal difference threshold of 1.00 has been set and any above this can be seen to be 
in bold. Results from both a 2x2 twill and 3x3 twill weave are shown.  
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(mm) (°) 
+45° 
herringbone 
2 
2 90 
h 45.00 45.00 0.00 2.83 2.90 0.07 
1 161.57 162.00 0.43 2.53 2.50 0.03 
2 108.43 108.00 0.43 2.53 2.50 0.03 
-45° 
herringbone 
h 135.00 135.00 0.00 2.83 2.90 0.07 
1 18.43 18.00 0.43 2.53 2.50 0.03 
2 71.57 72.00 0.43 2.53 2.50 0.03 
+45° 
herringbone 
3 
h 45.00 45.00 0.00 4.24 4.40 0.16 
1 168.69 168.00 0.69 2.35 2.40 0.05 
2 101.31 103.00 1.69 2.35 2.40 0.05 
-45° 
herringbone 
h 135.00 135.00 0.00 4.24 4.40 0.16 
1 11.31 12.00 0.69 2.35 2.40 0.05 
2 78.69 77.00 1.69 2.35 2.40 0.05 
 
4.2.5.5 Five-Harness	Satin	Weave	
In a similar vein to the more generic NxN twill weave, a satin weave can be defined as 
‘N-Harness satin with an offset of n’. This is discussed below (in ‘4.2.5.5.1 N-Harness 
Satin Weave, Offset n’), before specific examples are given. 4.2.5.5.1 N-Harness	Satin	Weave,	Offset	n	
For N-harness satin weave, with an offset of n, there are sets of weave characteristic 
lines that can be described with Miller Indices and could be generalised. Figure 88 shows 
the method used to classify these weave characteristics. Each line is labelled (m,k) so 
subsequently the (ij) Miller Indices for the lines at their angles can be determined. When 
m=0 the lines are dotted, when m=1 the lines are solid and when m=2 they are dashed. 
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Figure 88: The method for characterising weave characteristic lines found in an N-harness satin weave with an 
offset of n is simply sketched here. For an N-harness satin weave, with an offset of n, there are sets of weave 
characteristic lines which can be described by Miller Indices.  Each line is labelled (m,k) so subsequently the (ij) 
Miller Indices for the lines at their angles can be determined. When m=0 the lines are dotted, when m=1 the lines 
are solid and when m=2 they are dashed. The highlighted square is the reference for the start of each line. The next 
square through which the line passes can be designated by (m) steps of (N) to the right followed by (k) steps up 
one row and lastly (n) to the left (i.e. in the direction of the (0,1) lines). Therefore, for m=1, there is a set of lines 
corresponding to different (k) values. 
Each line (or weave characteristic) can be described by (m,k) which defines satin weave 
indices. The highlighted square, at bottom centre of Figure 88, is the reference for the 
start of each line. The next square through which the line passes can be designated by 
(m) steps of (N) to the right followed by (k) steps up one row and lastly (n) to the left 
(i.e. in the direction of the (0,1) lines). Therefore, for m=1, there is a set of lines 
corresponding to different (k) values. The Miller Indices (ij) for lines with positive (m) 
and (k) are shown in Equation 47 and the subsequent (α) and (S) values can been seen 
in Equation 48. Note that the line (m,k) is the same as (2m,2k) with the same angle and 
spacing. 
 
Equation 47: In a generic N harness satin, offset n each line can be described by (m,k). These (m) and (k) values can 
be used to define satin weave Miller Indices (ij), using the equations shown here. More specifically, (k) is the 
number of steps up a row in Figure 88, whilst (m) is the number of steps of (N) to the right. 𝑖 = ÓP 	𝑎𝑛𝑑 𝑗 = Óf¬PP  
 
 
Equation 48: For lines (m,k) within a N harness satin, offset n the angle of the lines (αm,k)  and spacing of the lines 
(Sm,k) for 𝒊 = 	 𝒌𝑵 	𝒂𝒏𝒅 𝒋 = 𝒌𝒏f𝒎𝑵𝑵  can be calculated; using spacing of the warp and weft (S01 and S10 respectively), 
angle (d) which is the angle between the x- and y- axis and (N) the given integer of the twill weave. 
 tan 𝛼¬,Ó = ÓQ² ³´µ »(Óf¬P)Q²ÌÓQ² ÍÎ³ » 	𝑎𝑛𝑑 𝑆¬,Ó = ±PQ² ³´µÏÕ,ÖÓ ³´µ » ± 
 
N 
(11) 
(01) 
n 
(12) (13) (14) (15) 
(00) 
(16) 
(25)  
(23)  
 
- 196 - 
 
Some examples of satin weaves with different (N) and (n) values are now discussed 
(sections ‘4.2.5.5.1 N-Harness Satin Weave, Offset n’, ‘4.2.5.5.2 Five-Harness Satin 
Weave, Offset One’, ‘4.2.5.5.3 Five-Harness Satin Weave, Offset Two’ and ‘4.2.5.5.4  
Seven-Harness Satin Weave, Offset Three’) 4.2.5.5.2 Five-Harness	Satin	Weave,	Offset	One	
In the same way that the twill weaves were analysed earlier, a simulated harness satin 
weave with N=5 and n=1 has been created using LaunchNDT (where S01=S10=2mm and 
δ=90°). Figure 89 shows the spatial frequency vs. angle plot with key spots highlighted 
between the points of (01) and (10). Remembering that (01) and (10) represent the warp 
and weft tows, the points in between are weave characteristics. They can also 
subsequently be seen in the right-hand side of the image, on a simulated C-scan of the 
same weave. 
 
 
 
Figure 89: A simulated five-harness satin, offset one weave (tow width of 2mm) showing fundamental weave 
characteristics, seen at approximately 15°, 35°, 55°, 75° and 135°. Weave characteristics are those spots on the 
spatial frequency vs. angles plots which can be identified below the fundamental curve. The key weave 
characteristic angles (15°, 35°, 55°, 75° and 135°) are highlighted by ovals on the spatial frequency vs. angle plots 
and the corresponding angled lines are shown on the simulated C-scan. The red and green lines on the simulated 
c-scan highlight the warp and weft tows and are now an automatic feature of the LaunchNDT analysis. Note that 
the lower the spatial frequency the larger the spacing between the patterned lines (due to the spatial frequency 
being 1/fibre tow width). The line plot at the top of the spatial frequency vs. angle plot is representative of the 
spots on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the 
brightness of the spot; the higher the peak, the brighter the spot.  
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As a further level of analysis, the lines for each (m) value can be shown on the spatial 
frequency vs. angle plot. The (m) value, taken from the (m,k) analysis shown in Figure 
88, represents how many steps of (N) to the right (of the identified centre square) the 
weave characteristic lines are. Where N is a nominal distance between squares. The (m) 
value lines can be seen to be highlighted on the spatial frequency vs. angle plots on the 
left hand side of Figure 90, Figure 92 and Figure 94. The highlighted (m) lines are drawn 
through spots on the spatial frequency vs. angle plot. It was initially thought that this 
could be used as a further level of analysis if the weave characteristics for the different 
five-harness satin, offset ‘n’ weaves were not clearly distinguishable between different 
values of ‘n’. The analysis is shown here to highlight a further element of work which 
was conducted and could be used if this work was to be continued. 
 
 
 
Figure 90: The (m) value, taken from the (m,k) analysis shown in Figure 88, represents how many steps of (N) to 
the right (of the identified centre square) the weave characteristic lines are. Where N is a nominal distance between 
squares. The (m) value lines can be seen to be highlighted on the spatial frequency vs. angle plot (left hand side) 
for a simulated five-harness satin, offset one weave (2mm tow width). The highlighted (m) lines are drawn through 
spots on the spatial frequency vs. angle plot.  
 
Table 16 shows a comparison of the predicted and simulated values of angle (α) and 
spacing (S) for a harness satin weave of N=5 and n=1. The calculated difference seen in 
Table 16 shows that the majority of (m,k) combinations have a negligible difference 
(taken as any value < 1.00) between those values which are predicted and those which 
are simulated.  
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Table 16: Generic equations have been suggested for N harness satin, offset n weaves in order to calculate their 
angle (am,k) and spacing (Sm,k). Here the predicted values for N=5 and n=1, using the equations and the simulated 
values, using LaunchNDT are shown. A nominal difference threshold of 1.00 has been set and any above this can 
be seen to be in bold.  
N=5, n=1 
i j 
α(m,k) (°) S(m,k) (mm) 
m k Predicted Simulated Difference Predicted Simulated Difference 
0.00 0.00 0.00  1/5 0.00 1.00 1.00 2.00 2.00 0.00 
0.00 1.00  1/5  1/5 135.00 135.00 0.00 7.07 6.50 0.57 
1.00 1.00  1/5 - 4/5 14.04 14.00 0.04 2.43 2.40 0.03 
1.00 2.00  2/5 - 3/5 33.69 33.00 0.69 2.77 2.70 0.07 
1.00 3.00  3/5 - 2/5 56.31 57.00 0.69 2.77 2.70 0.07 
1.00 4.00  4/5 - 1/5 75.96 76.00 0.04 2.43 2.40 0.03 
1.00 5.00 1 0 90.00 90.00 0.00 2.00 2.00 0.00 
2.00 1.00  1/5 - 9/5 6.34 6.00 0.34 1.10 1.10 0.00 
2.00 3.00  3/5 - 7/5 23.20 23.00 0.20 1.31 1.30 0.01 
 
 4.2.5.5.3 Five-Harness	Satin	Weave,	Offset	Two	
A harness satin weave with N=5 and n=2 (with S01=S10=2mm and δ=90°) is now analysed; 
as in the previous section (‘4.2.5.5.2 Five-Harness Satin Weave, Offset One’), the spatial 
frequency vs. angle plot, (m) value lines and the predicted vs. simulated comparison are 
included here. Figure 91 not only highlights the key points on the spatial frequency vs. 
angle plot and matches them to the C-scan but the effect of the spatial frequency value 
is also shown. The higher the spatial frequency value, the smaller the spacing; this can 
be seen when comparing the spots at 65° and 130°. Figure 92 shows the corresponding 
(m) lines. 
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Figure 91: A simulated five-harness satin, offset two weave (tow width of 2mm) showing fundamental weave 
characteristics, seen at approximately 20°, 63°, 110° and 153°. Weave characteristics are those spots on the spatial 
frequency vs. angles plots which can be identified below the fundamental curve. The key weave characteristic 
angles (20°, 63°, 110° and 153°) are highlighted by ovals on the spatial frequency vs. angle plots and the 
corresponding angled lines are shown on the simulated C-scan. The red and green lines on the simulated c-scan 
highlight the warp and weft tows and are now an automatic feature of the LaunchNDT analysis. Note that the lower 
the spatial frequency the larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre 
tow width). The line plot at the top of the spatial frequency vs. angle plot is representative of the spots on the main 
plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the brightness of the 
spot; the higher the peak, the brighter the spot. 
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Figure 92: The (m) value, taken from the (m,k) analysis shown in Figure 88, represents how many steps of (N) to 
the right (of the identified centre square) the weave characteristic lines are. Where N is a nominal distance between 
squares. The (m) value lines can be seen to be highlighted on the spatial frequency vs. angle plot (left hand side) 
for a simulated five-harness satin, offset two weave (2mm tow width). The highlighted (m) lines are drawn through 
spots on the spatial frequency vs. angle plot.  
 
Table 17 shows a comparison of the predicted and simulated values of angle (α) and 
spacing (S) for a harness satin weave of N=5 and n=2.  
 
Table 17: Generic equations have been suggested for N harness satin, offset n weaves in order to calculate their 
angle (am,k) and spacing (Sm,k). Here the predicted values for N=5 and n=2, using the equations and the simulated 
values, using LaunchNDT are shown. A nominal difference threshold of 1.00 has been set and any above this can 
be seen to be in bold. 
N=5, n=2 
i j 
α(m,k) (°) S(m,k) (mm) 
m k Predicted Simulated Difference Predicted Simulated Difference 
0.00 0.00 0  1/5 0.00 1.00 1.00 2.00 2.00 0.00 
0.00 1.00  1/5  2/5 153.43 154.00 0.57 4.47 4.30 0.17 
1.00 1.00  1/5 - 3/5 18.43 19.00 0.57 3.16 3.10 0.06 
1.00 2.00  2/5 - 1/5 63.43 63.00 0.43 4.47 4.30 0.17 
1.00 3.00  3/5  1/5 108.43 110.00 1.57 3.16 3.10 0.06 
1.00 4.00  4/5  3/5 126.87 128.00 1.13 2.00 2.00 0.00 
2.00 3.00  3/5 - 4/5 36.87 37.00 0.13 2.00 2.00 0.00 
2.00 5.00  2/5 0 90.00 90.00 0.00 2.00 2.00 0.00 	4.2.5.5.4 Seven-Harness	Satin	Weave,	Offset	Three	
A harness satin weave with N=7 and n=3 (with S01=S10=2mm and δ=90°) is now analysed 
and the results can be seen in Figure 93 and Figure 94. Notice how those spots identified 
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as weave characteristics are now seen in different locations on the spatial frequency vs. 
angle plot.  
 
 
 
Figure 93: A simulated seven-harness satin, offset three weave (tow width of 2mm) showing fundamental weave 
characteristics, seen at approximately 15°, 65°, 102° 125° and 162°. Weave characteristics are those spots on the 
spatial frequency vs. angles plots which can be identified below the fundamental curve. The key weave 
characteristic angles (15°, 65°, 102° 125° and 162°) are highlighted by ovals on the spatial frequency vs. angle plots 
and the corresponding angled lines are shown on the simulated C-scan. The red and green lines on the simulated 
c-scan highlight the warp and weft tows and are now an automatic feature of the LaunchNDT analysis. Note that 
the lower the spatial frequency the larger the spacing between the patterned lines (due to the spatial frequency 
being 1/fibre tow width). The line plot at the top of the spatial frequency vs. angle plot is representative of the 
pots on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the 
brightness of the spot; the higher the peak, the brighter the spot. 
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Figure 94: The (m) value, taken from the (m,k) analysis shown in Figure 88, represents how many steps of (N) to 
the right (of the identified centre square) the weave characteristic lines are. Where N is a nominal distance between 
squares. The (m) value lines can be seen to be highlighted on the spatial frequency vs. angle plot (left hand side) 
for a simulated seven-harness satin, offset three weave (2mm tow width). The highlighted (m) lines are drawn 
through spots on the spatial frequency vs. angle plot. 
Table 18 shows a comparison of the predicted and simulated values of angle (α) and 
spacing (S) for a harness satin weave of N=7 and n=3.  
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Table 18: Generic equations have been suggested for N harness satin, offset n weaves in order to calculate their 
angle (am,k) and spacing (Sm,k). Here the predicted values for N=7 and n=3, using the equations and the simulated 
values, using LaunchNDT are shown. A nominal difference threshold of 1.00 has been set and any above this can 
be seen to be in bold. 
N=7, n=3 
i j 
α(m,k) (°) S(m,k) (mm) 
m k Predicted Simulated Difference Predicted Simulated Difference 
0 0 0  1/7 0.00 1.00 1.00 2.00 2.00 0.00 
0 1  1/7  3/7 161.57 162.00 0.43 4.43 4.20 0.23 
1 1  1/7 - 4/7 14.04 14.00 0.04 3.40 3.30 0.10 
1 2  2/7 - 1/7 63.43 63.00 0.43 6.26 5.60 0.66 
1 3  3/7  2/7 123.69 123.00 0.69 3.88 3.70 0.18 
1 4  4/7  5/7 141.34 142.00 0.66 2.19 2.10 0.09 
1 5  5/7 8/7 147.99   NA 1.48   NA 
1 6  6/7 11/7 151.39   NA 1.12   NA 
2 3  3/7 - 5/7 30.96   NA 2.40   NA 
2 5  5/7  1/7 101.31 102.00 0.69 2.75 2.70 0.05 
3 7  3/7 0 90.00 90.00 0.00 2.00 2.00 0.00 
 
4.2.5.6 Four-	Harness	Crows	Foot	Satin	Weave	
A four-harness crows’ foot satin weave has also been simulated and Figure 95 shows the 
resultant spatial frequency vs. angle plot and C-scan. The offset can be seen to change 
cyclically as 1, 2, -1, 2 and the basic angles are ±45° and ±26°. The angles can be seen 
to correspond to the following Miller Indices. 
• ÆF× F×È and ÆF× − F×È for -45° and +45° respectively 
• Æ× Ø×È and Æ× − Ø×È for -26° and +26° respectively 
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Figure 95: A simulated four-harness crows foot satin weave (tow width of 2mm) showing fundamental weave 
characteristics, seen at approximately 27°, 45°, 135° and 153°. Weave characteristics are those spots on the spatial 
frequency vs. angles plots which can be identified below the fundamental curve. The key weave characteristic 
angles (27°, 45°, 135° and 153°) are highlighted by ovals on the spatial frequency vs. angle plots and the 
corresponding angled lines are shown on the simulated C-scan. The red and green lines on the simulated c-scan 
highlight the warp and weft tows and are now an automatic feature of the LaunchNDT analysis. Note that the lower 
the spatial frequency the larger the spacing between the patterned lines (due to the spatial frequency being 1/fibre 
tow width). The line plot at the top of the spatial frequency vs. angle plot is representative of the spots on the main 
plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the brightness of the 
spot; the higher the peak, the brighter the spot. 
 
4.3 Automated	weave	classification	
As originally noted in the introduction of this thesis, one of the most important aspects 
of any solution documented here is that it only adds to the current process and does not 
cause an increase in time etc. (Where a solution indicates any method, or idea which 
enables a more informed decision to be made about any component under test). 
 
The above sections (‘4.2.5.2 Plain Weave’, ‘4.2.5.3 Basket Weave’, ‘4.2.5.4 Twill Weave’, 
‘4.2.5.5 Five-Harness Satin Weave’ and ‘4.2.5.6 Four- Harness Crows Foot Satin Weave’) 
have discussed weave characteristics and how they are individual to specific weaves; 
this section (‘4.3 Automated weave classification’) discusses the automation of this 
classification, in line with necessity to only advance current processes. 
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4.3.1 Theory	of	automated	classification	
Using the above understanding of the dominant sets of lines that are evident in each 
weave type, it should be possible to analyse the spatial-frequency vs angle transformed 
image and determine the weave type. There are several stages to this process and they 
are documented below. 
 
1) Determine the points corresponding to the (01) and (10) sets of lines and thus 
the angle and spacing of the warp and weft tows. 
2) From the angles of the (01) and (10) sets of lines, the rotation angle (γ) and the 
shear angle between the warp and weft, (δ) can be determined. 
3) The angle (αij), and the spacing (Sij) of the lattice lines (ij) and any weave 
classification sub-harmonic lines can then be determined using Equation 38 to 
Equation 40.  
4) The amplitude and sub-harmonic factor (M), of the lowest spatial-frequency 
(biggest spacing) sub-harmonic weave-characteristic lines can then be 
determined, remembering the lines themselves are then defined using the 
fractional Miller indices Æ _Ù hÙÈ. 
5) Finally, the weave type can be determined by matching the amplitudes and sub-
harmonic factors to theoretical values for the potential weave types, as 
discussed below (‘4.3.2 Software implementation’). 
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4.3.2 Software	implementation	
Now that a large selection of weaves have been explored and their weave characteristics 
identified a database of this can be created within LaunchNDT, and a classifier can be 
produced. This classifier can run within LaunchNDT and can subsequently output the 
weave type. The classifier is designed to run through each of the known weave types 
and suggest the closest match using a factor of best fit (i.e. the higher the output value, 
the more likely it is that known weave type). The steps by which is does this are noted 
below: 
 
1) The software checks the locations of the expected spots on the spatial frequency 
vs. angle plots. 
2) The amplitude is taken from these locations; using a bandwidth of three pixels 
above and below. The highest value is taken. 
3) The amplitude of all of the expected spots are looked at and the four highest are 
summed and divided by four. 
4) In the tables (explored in the coming sections – example shown in Table 19), the 
mean amplitudes are output for the weave index. 
5) The highest value amongst this weave index is highlighted. 
4.3.3 Weave	index	results	for	simulated	data	
The simulator within LaunchNDT has been used on a 20mm x 20mm scan with 2mm tow 
width; this section (‘4.3.3 Weave index results for simulated data’) explores the results 
which have been gathered. They have been gathered provided the spatial frequency vs. 
angle plot was of the correct size to get the resolution required. The results can be seen 
in Table 19. 
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Table 19: The simulator within LaunchNDT has been used on a simulated 20mm x 20mm scan with 2mm tow width 
to explore the capability of the weave classifier. Results have only been gathered where the spatial frequency vs. 
angle plot was of the correct size to get the resolution required. Three main problems are identified: (1) The satin 
weave with an offset of one is mistaken for a twill weave, (2) At some angles of (01), the wrong spot is chosen and 
labelled as (10); or vice versa and (3) For some weave at an angle, a classification mistake is made despite (01) and 
(10) being identified correctly. 
Simulated Classification 
Weave N n Orientation Weave N n Orientation Comments 
Plain    Plain     
Twill 2  +45 deg. Twill 2  +45 deg.  
Twill 3  +45 deg. Twill 3  +45 deg.  
Basket 2 2  Basket 2 2   
Basket 3 3  Basket 3 3   
Basket 2 1  Basket 2 1   
Basket 3 1  Basket 3 1   
Basket 3 2  Basket 3 2   
Basket 1 2  Basket 1 2   
Basket 1 3  Basket 1 3   
Satin 5 1 Hor. yarns Twill 3  +45 deg. Very similar 
Satin 5 2 Hor. yarns Satin 5 2 +  
Satin 5 3 Hor. yarns Satin 5 3 +  
Satin 5 2 Vert yarns Satin 5 3 -  
Satin 7 1 Hor. yarns Twill 3  +45 deg. Very similar 
Satin 7 2 Hor. yarns Satin 7 2 +  
Satin 7 3 Hor. yarns Satin 7 3 +  
 
The above results (shown in Table 19) present three main problems with the method: 
1. The satin weave with an offset of one is mistaken for a twill weave (as highlighted 
in bold in Table 19). 
2. At some angles of (01), the wrong spot is chosen and labelled as (10); or vice 
versa. 
3. For some weaves at an angle, a classification mistake is made despite (01) and 
(10) being identified correctly. 
These three problems are described in more detail in the following sections (‘4.3.3.1 
Satin weave, with an offset of one, mistaken for a twill weave’, ‘4.3.3.2 Incorrect 
identification of (01) or (10) for an angled weave’ and ‘4.3.3.3 Incorrect classification 
despite correct identification of (01) and (10)’). 
4.3.3.1 Satin	weave,	with	an	offset	of	one,	mistaken	for	a	twill	weave	
A Gaussian weighted sum was used in order to try and correct this issue. The Gaussian 
weighted sum continues to look in the band of ±20% of the spatial frequency (as shown 
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in Figure 108), but rather than selecting the highest amplitude value, the value closest 
to 100% is chosen. Where 100% represents the expected spot location. However, this 
was seen not to fix the issue; this may be because a 3x3 twill has the same angles and 
spatial frequencies. Figure 96 shows that it could be argued that the two weaves (3x3 
Twill and Five Harness Satin, Offset One) have mirrored weave characteristics, which 
may be the reason for the confusion. (It also may be that an offset of one is never 
actually used for a satin weave.) 
 
 
Figure 96: Spatial frequency vs. angle plots for a simulated 3x3 twill (left) and a simulated five harness satin, offset 
one (right). Both have simulated fibre tow widths of 2mm. The dotted line in both images represents a centre point 
(at 90°) to show mirroring of the weave characteristics (highlighted with dotted ovals) between the two weaves. It 
is thought that this mirroring is the reason for the five harness satin weave with an offset of one is mistaken for a 
3x3 twill weave in the weave index. 
 
An example of this specific mistaken weave is shown in Figure 97, when it can be seen 
in then index table (left hand side) the 3x3 twill has been highlighted but the simulated 
C-scan (right hand side) shows a five-harness satin, offset one. The index table can be 
seen to list various weaves and the right-hand column displays the factor of best fit. 
Note that the second highest value does indeed correspond to the correct weave (a five-
harness satin, offset one). A potential ‘tie-breaker’ would be to look at the symmetry of 
3x3 Twill Five Harness Satin, Offset One
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the response because the twill weave is symmetrical about the +/- 45° lines but the satin 
weave is less symmetrical.  
 
 
 
Figure 97: The weave index, with the outcome of the automated process showing a 3x3 twill weave is shown to the 
left hand side of the image. The number is an arbitrary scale but the highest number indicates the suggested weave 
from the process. However, the automated process was run, in this example, for a simulated five harness satin, 
offset one weave (with the output spatial frequency vs. angle plot and the c-scan shown in the middle and right 
hand side respectively), indicating that in this instance the automated process has incorrectly identified this weave. 
The line plot at the top of the spatial frequency vs. angle plot is representative of the spots on the main plot. The 
peaks can be seen at the angle of the spots and the height of the peaks represent the brightness of the spot; the 
higher the peak, the brighter the spot. 
 
4.3.3.2 Incorrect	identification	of	(01)	or	(10)	for	an	angled	weave	
For the five-harness satin, offset two displayed in Figure 98, the (01) value would be 
expected to be detected at 135°. Remembering that the (01) value represents the weft 
fibre tows, the simulated ply in Figure 98 is at -45° which would result in the expected 
135° (180-45 = 135°). However, as can be seen this angle is labelled at (10). As a result, 
the weave index identifies this weave as a 2x1 basket weave. 
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Figure 98: The weave index, with the outcome of the automated process showing a 2x1 basket weave is shown to 
the left hand side of the image. The number is an arbitrary scale but the highest number indicates the suggested 
weave from the process. However, the automated process was run, in this example, for a simulated five harness 
satin, offset one weave (with the output spatial frequency vs. angle plot and the c-scan shown in the middle and 
right hand side respectively), indicating that in this instance the automated process has incorrectly identified this 
weave. The line plot at the top of the spatial frequency vs. angle plot is representative of the spots on the main 
plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the brightness of the 
spot; the higher the peak, the brighter the spot. 
 
Once again, the application of the Gaussian weighted sum was added to the process to 
try to rectify this problem; Figure 99 shows that, in this instance, this solved the problem. 
 
 
 
Figure 99: The weave index, with the outcome of the automated process showing a five harness satin, offset two 
weave is shown to the left hand side of the image. The number is an arbitrary scale but the highest number 
indicates the suggested weave from the process. The automated process was run, in this example, for a simulated 
five harness satin, offset two weave (with the output spatial frequency vs. angle plot and the c-scan shown in the 
middle and right hand side respectively), indicating that in this instance the automated process has correctly 
identified the weave. This was following the implementation of a Gaussian weighted sum to the automated 
process. The line plot at the top of the spatial frequency vs. angle plot is representative of the spots on the main 
plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the brightness of the 
spot; the higher the peak, the brighter the spot. 
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Further satin weaves were simulated to ensure that the implementation of the Gaussian 
weighted sum rectified the problem in all cases. Figure 100 shows a simulation of a five-
harness satin with an offset of two at an angle of 45°. Owing to this angle, it is expected 
that the warp fibres (represented by (10)) will be identified as being 45°, but it is seen 
in the top of Figure 100 that this is not the case; subsequently identifying the weave as 
a 1x2 basket weave. The bottom of Figure 100 shows the correct result after the 
implementation of the Gaussian weighted sum. 
 
 
Figure 100: The top half of this image, shows the incorrect identification for a simulated five harness satin weave, 
offset two at +45°. The weave index shows an incorrect identification of a 1x2 basket weave. The bottom half of 
this image shows the correct identification following the implementation of a Gaussian weighted sum. The spatial 
frequency vs. angle plots and c-scans are included to show that they do not vary following the addition of the 
Gaussian weighted sum. The line plots at the top of the spatial frequency vs. angle plots are representative of the 
spots on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the 
brightness of the spot; the higher the peak, the brighter the spot. 
 
Lastly a seven-harness satin with an offset of two has been simulated at -45°, with the 
results being displayed in Figure 101. It is again proven that the inclusion of the Gaussian 
weighted sum results in the correct identification of the weave. Initially this weave was 
identified as a six-harness satin with an offset of two. 
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Figure 101: The top half of this image, shows the incorrect identification for a simulated seven-harness satin weave, 
offset two at -45°. The weave index shows an incorrect identification of a six-harness satin, offset two weave. The 
bottom half of this image shows the correct identification following the implementation of a Gaussian weighted 
sum. The spatial frequency vs. angle plots and c-scans are included to show that they do not vary following the 
addition of the Gaussian weighted sum. The line plots at the top of the spatial frequency vs. angle plots are 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
4.3.3.3 Incorrect	classification	despite	correct	identification	of	(01)	and	(10)	
A seven-harness satin with an offset of three (angle of +45°) was mistakenly identified 
as a 3x1 basket weave as seen in Figure 102. This was despite of the correct identification 
of (10) and (01). 
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Figure 102: The weave index, with the outcome of the automated process showing a 3x1 basket weave is shown to 
the left hand side of the image. The number is an arbitrary scale but the highest number indicates the suggested 
weave from the process. The automated process was run, in this example, for a simulated seven-harness satin, 
offset three at +45° (with the output spatial frequency vs. angle plot and the c-scan shown in the middle and right 
hand side respectively), indicating that in this instance the automated process has incorrectly identified the weave, 
despite (01) and (10) being identified correctly. The line plot at the top of the spatial frequency vs. angle plot is 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
Figure 103 shows the correct identification of the seven-harness satin, offset three 
weave following the implementation of the Gaussian weighted sum. 
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Figure 103: The weave index, with the outcome of the automated process correctly showing a seven-harness satin, 
offset three at +45° is shown to the left hand side of the image. The number is an arbitrary scale but the highest 
number indicates the suggested weave from the process. The automated process was run, in this example, for a 
simulated seven-harness satin, offset three at +45° (with the output spatial frequency vs. angle plot and the c-scan 
shown in the middle and right hand side respectively), indicating that in this instance the automated process has 
correctly identified the weave. The line plot at the top of the spatial frequency vs. angle plot is representative of 
the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent 
the brightness of the spot; the higher the peak, the brighter the spot. 
4.4 Summary	&	Conclusion	
This chapter has shown the results of investigations into the ultrasonic response to 
woven plies, simulated within LaunchNDT. The use of Miller Indices as an identification 
technique has been implemented and weave characteristics unique to individual weaves 
have been explored and noted. This was conducted for specific weave types such as 2x2 
twill and five-harness satin, offset one; before generic cases, NxN twill for example, were 
summarised. 
 
The identification of these unique weave characteristics has allowed for a weave index 
to be created within LaunchNDT. A classifier has been produced which allows for the 
weave under inspection to be compared against all of those within the classifier, before 
the suggested weave is highlighted. There were a few initial errors detected with this 
process, but this has been solved with the employment of a Gaussian weighted sum. It 
is proposed that a ‘tie-breaker’ is employed in some cases.  
 
At this point it should be noted that this has only been proven to work on simulated 
data. ‘Developed Methods in Action’ discusses the application of this software with the 
appropriate samples. 
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5. Distorted	weave	characterisation	
5.1 Introduction	
The previous chapter detailed the use of Miller Indices and the development of the 
method for individual weave classification. This chapter documents the method and 
accuracy for the measurement of weave distortions and how the measurement 
parameters affect this accuracy - i.e. what are the influential parameters within the 
process of identifying distortion. To be clear, the term ‘accuracy’ will be used to describe 
the ‘trueness’ or closeness of the mean of a set of measurements to the true value, 
whilst ‘precision’ will be used to describe the statistical distribution of the 
measurements about that mean value and will be represented by either the standard 
deviation or the full-width half-maximum (FWHM) depending on what form the data 
takes (Figure 104). 
 
 
 
Figure 104: Graphical sketch (Quackenbush, 2015) representing accuracy and precision. Where (for this thesis) 
accuracy is used to describe the trueness of closeness of the mean of a set of measurements to the true value. 
Precision is used to describe statistical distribution of the measurements about the mean value.  
 
The focus of this chapter is the relationship between tow spacing, computational box 
size and pixel spacing within the data. By using tow spacing as a reference ‘scale’ (i.e. 
everything else is relative to this), then only computational box size and pixel spacing 
need to be considered. 
 
Using simulated data, a pristine 2x2 twill weave is modelled with in-plane waviness 
added. Equation 49 shows the equation for this wave and in this instance has the 
following parameters; waviness amplitude (Aw) of 2mm, waviness Gaussian half-width 
(hw) of 8mm and waviness wavelength (λw) of 20mm. Figure 105 depicts these 
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parameters. (For clarity, the image shown in Figure 107 shows how the use of a larger 
computational box underestimates the angle of the in-plane weave; Figure 105 shows 
the parameters of a simulated in-plane wave – i.e. the parameters required for 
LaunchNDT to create in-plane waviness in a simulated composite). 
 
Equation 49: For simulated in-plane waviness the waves are created using the waviness equation shown here. In 
this instance the following parameters are used; waviness amplitude (Aw) of 2mm, waviness Gaussian half-width 
(hw) of 8mm and waviness wavelength (λw) of 20mm 𝑦 = 	𝐴{𝑒f­ÊÛ sin 2𝜋𝑥𝜆{  
 
 
 
Figure 105: A simulated graph highlighting the parameters used for the creation of in-plane waviness in the 
simulated data in LaunchNDT.  Using simulated data, a pristine 2x2 twill weave is modelled throughout Chapter 
Five with in-plane waviness added. Equation 48 shows the equation for this wave and in this simulated instance 
has the following parameters; waviness amplitude (Aw) of 2mm, waviness Gaussian half-width (hw) of 8mm and 
waviness wavelength (λw) of 20mm.  
 
5.1.1 Computational	box	
In order to compute the stacking sequence (using data from the C-scan), a 
computational box is created and it is the data captured within the boundaries of this 
box which are specifically processed. For ‘stacking-sequence’ analysis in LaunchNDT, the 
default box size is related to the size of the scan, as shown in Figure 106 and can be large 
because global measurements of orientations are acceptable and the larger the box, the 
more data points contributed and the higher the precision of the angle measurements.  
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Figure 106: In order to compute the stacking sequence (using data from the C-scan), a computational box is created 
and it is the data captured within the boundaries of this box which are specifically processed. For ‘stacking-
sequence’ analysis in LaunchNDT, the default box size is related to the size of the scan. Shown here is a 20mm x 
20mm simulated 2x2 twill weave, with the box boundaries at 1/8th and 7/8th of the total length. 
 
The creation of the box is subtly different when in-plane waviness is analysed because 
local orientation has to be measured at each location in the scan so a much smaller box 
is used and raster-scanned over the whole scan. In this case, the default box size is 
calculated by LaunchNDT based on the fibre-tow width, which is entered into 
LaunchNDT by the operator.  A calculation is performed which makes an assumption of 
the smallest waviness wavelength that is likely to occur in terms of fibre-tow widths. The 
default computational box, in this instance, measures five tow widths by five tow widths. 
For example, if the tow width was 2 mm, the resultant box would measure 10mm x 
10mm. (Smith, 2010) 
 
When creating the default box for simulated in-plane waviness, its size can make a 
significant difference to the results seen. Figure 107 highlights two different box sizes 
on one wave; positioned at the point of inflection of the sine wave, which is the location 
of the maximum angle of the wave. It can be seen the larger box underestimates the 
angle more than the use of the smaller box. If the box is small, a smaller amount of data 
is used so the precision is less but the accuracy is greater. However, if the box is large, 
the precision is greater but the accuracy is reduced (the waviness angle will always be 
underestimated). So, there is a trade-off here between accuracy and precision; the 
larger the data box, the smaller and more well defined the spots on the spatial-
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frequency vs angle plots, but the worse the accuracy of the measurement of maximum 
waviness angle. 
 
 
 
Figure 107: A sketch showing two different box sizes on one wave; positioned at the point of inflection of the sine 
wave, which is the location of the maximum angle of the wave. It can be seen the larger box underestimates the 
angle more than the use of the smaller box. If the box is small, a smaller amount of data is used so the precision is 
less but the accuracy is greater. However, if the box is large, the precision is greater but the accuracy is reduced 
(the waviness angle will always be underestimated). So, there is a trade-off here between accuracy and precision; 
the larger the data box, the smaller and more well defined the spots on the spatial-frequency vs angle plots, but 
the worse the accuracy of the measurement of maximum waviness angle. 
5.1.2 Computation	of	(01)	and	(10)	
Firstly, it is important to define how LaunchNDT determines (01) and (10). The nominal 
fibre-tow spacing is entered into the software; this equates to a spatial frequency in 
accordance with the equation below. 
 
Equation 50: Fibre tow spacing (S) is the reciprocal of the spatial frequency (𝛎). The fibre tow spacing is entered 
into LaunchNDT and this is used to calculate the  spatial frequency of (01) and (10). 𝑆 = 	1𝜈 
 
Following the computation of the corresponding spatial frequency (from the input fibre 
tow width), ± 20% values are determined to describe a spatial-frequency range to assess 
in order to find the (01) and (10) responses in the spatial-frequency vs angle plot. 
Initially, for each angle, the data points were summed across this spatial-frequency 
range. This is illustrated in Figure 108; for example, all data points at 90° were summed 
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together in the band of data defined by the ± 20% values of the tow width spatial 
frequency.   
 
 
 
Figure 108: A sketch indicating how (01) and (10) are calculated within LaunchNDT, with the key input being the 
fibre tow width and its associated spatial frequency (1/fibre tow width). Following the computation of the 
corresponding spatial frequency (from the input fibre tow width), ± 20% values are determined to describe a 
spatial-frequency range to assess in order to find the (01) and (10) responses in the spatial-frequency vs angle plot. 
For each angle, the data points were summed across this spatial-frequency range. Here, for example, all data points 
at 90° were summed together in the band of data defined by the ± 20% values of the tow width spatial frequency.   
 
The highest and the second highest summed values were then designated as (01) and 
(10). However, following further work, the Gaussian weighted sum was added (as 
described in ‘2D Weave Classification; Inversion Processes’); where the value closest to 
100% is chosen, rather than the highest amplitude value. Where 100% represents the 
location of the expected spot, in accordance with the previously described overlay 
(Figure 75). 
 
The point here is that there is no way of distinguishing a ‘true’ (01) as opposed to a (10); 
one will be the warp and the other the weft but they are usually indistinguishable. There 
is a case for saying that in some woven fabrics, the weft might always have a closer 
spacing than the warp, in which case the criterion could be that (01) is the response with 
the higher spatial frequency (lower spacing). However, this is not the case for simulated 
scans so (01) is arbitrarily taken as the angle closest to zero (horizontal on the scan). A 
quadratic fit is then applied to the sum vs angle data using a process known as quadratic 
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regression. The process defines the quadratic curve which best fits a set of data; in this 
case the values closest to 100% in terms of location of the expected spots. The equation 
is in the form y = ax2 + bx + c where a ¹  0. It is important to find the values of a, b and c 
so that the resultant squared distance (vertically) between each individual point 
(defined as xi, yi) and the quadratic curve is at its minimal. (Varsity Tutors, 2019) 
 
The application of the quadratic fit allows for the calculation of the angle of the peak 
amplitude within an individual spot, even if it is between data points, as demonstrated 
in Figure 109. This process is repeated for both the (01) and (10) spots, ultimately 
highlighting with a circle (on the spatial frequency vs. angle plots), where the amplitude 
peak is. 
 
 
Figure 109: A simple sketch showing how a quadratic fit is used within LaunchNDT for calculation of peak amplitude 
within an individual spot on the spatial frequency vs. angle plot. The application of the quadratic fit allows for the 
calculation of the angle of the peak amplitude within an individual spot, even if it is between data points, as shown 
here. This process is repeated for both the (01) and (10) spots, ultimately highlighting with a circle (on the spatial 
frequency vs. angle plots), where the amplitude peak is. 
 
A similar quadratic regression process is applied to the two spots in order to determine 
the best measurement of the spatial frequency and hence, the tow spacing for the (01) 
and (10) tows. 
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The process described above is conducted on the data set captured by the 
computational box, the size of which affects the resultant spatial frequency vs. angle 
plots and this could manifest itself in the following ways: 
 
• The size (in spatial frequency and angle) of the lattice spots. 
• The size (in spatial frequency and angle) of the weave-characteristic spots. 
 
It follows that the precision of the spatial frequency and angle for each spot is affected 
by the box size. 
 
It is known that the difference cannot be identified between (01) and (10) as there is no 
definition of the difference; they are arbitrary. The main thing is that the process, 
described previously (‘5.1.2 Computation of (01) and (10)’), identifies and chooses the 
correct two spots.  
5.2 Angular	Resolution	
The angular resolution is defined by the angular spread of the spots depicted on the 
spatial frequency vs. angle plots. The criterion for this is chosen as the Full Width Half 
Maximum (FWHM), expressed as the value of the angular width between the two points 
either side of the peak at half of the maximum amplitude (Figure 110). The angular 
resolution is important as the higher the resolution, the smaller the angular separation 
between spots that can be distinguished as two rather than one spot.  
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Figure 110: A simple sketch indicating the criterion of Full width, half maximum (FWHM) expressed as the value of 
the angular width between the two points either side of the peak at half of the maximum amplitude. 
 
At this point, it should also be recognised that the resolution is directly linked to the 
angular precision and, therefore, the sensitivity of the results to any change. If a spot on 
the spatial frequency vs. angle plot is broad, a small change can only be measured with 
poor precision.  
5.2.1 Box	size	vs.	tow	width	
As explained above, the angular resolution, accuracy and precision are dictated by the 
computational box size. In order to explore these angular parameters, the box size has 
been varied on the simulated pristine weave of a 2x2 twill with a realistic fibre-tow width 
of 2mm.  
 
5.2.1.1 Square	box	on	pristine	weave	
Figure 111 shows six sizes of a square computational box, measuring two, four, six, eight, 
ten and twelve tow widths. It can clearly be seen that a larger box results in spots with 
narrower spread in both angle and spatial frequency. Decreasing the box size, increases 
the spread of the spots; this is true for both the (01) and (10) spots as well as the weave 
characteristics.  
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Figure 111: The size of the spots on the spatial frequency vs. angle plots can be defined as angular resolution. A 
small clear spot has good angular resolution (narrower spread in both angle and spatial frequency). The larger the 
computational box, the better the angular resolution. The results shown are from a simulated 2x2 twill weave with 
a fibre tow width of 2mm; the computational boxes vary in size (top to bottom, left to right), two, four, six, eight, 
ten and twelve fibre tow widths. The line plots at the top of the spatial frequency vs. angle plots are representative 
of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent 
the brightness of the spot; the higher the peak, the brighter the spot. 
 
The results from Figure 111 can be seen in Table 20 which, amongst other variables, 
highlights the two fundamental angles of gamma (rotation) and delta (distortion). 
Remembering that in a pristine weave delta should be 90°; all results are within 2.5% of 
this. In fact, all but one result are within 0.44%. Using the metric of FWHM (Figure 110) 
which can be measured in both angle and spatial frequency the effect of the box sizes 
can be explored further. This measurement of FWHM is directly related to the shape 
and size of the identified (01) and (10) spots and measures their height (spatial 
frequency) and width (angle). 
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Table 20: The computational box which is seen on the ultrasonic C-scan within LaunchNDT has been varied in size 
in order to see the effect on the results returned; including two fundamental angles of gamma (rotation) and delta 
(distortion). Also calculated are the spacing for the warp and weft tows (S10 and S01 respectively) and the full width 
half maximum (FWHM) in terms of angle and spatial frequency for both warp and weft. The simulated weave is a 
2x2 twill with fibre tow width of 2mm. In a pristine weave delta should be 90° and all results are within 2.5% of 
this. In fact, all but one result are within 0.44%. 
 
Box Details     FWHM (01) FWHM (10) 
Area Height Width g d S01 S10 
(°) (mm-1) (°) (mm-1) 
(mm2) (Tow Widths) 
(Tow 
Widths) (°) (°) (mm) (mm) 
16 2.0 2.0 177.4 92.1 2.3 1.9 37.3 0.37 35.1 0.32 
64 4.0 4.0 180.2 90.1 2.0 1.9 18.1 0.16 16.5 0.18 
144 6.0 6.0 180.7 90.3 2.0 2.0 10.6 0.12 11.4 0.12 
256 8.0 8.0 180.7 90.1 2.0 2.0 9.3 0.08 9.3 0.09 
400 10.0 10.0 180.5 90.4 2.0 2.0 6.9 0.07 7.2 0.07 
576 12.0 12.0 180.5 90.4 2.0 2.0 5.0 0.07 5.3 0.07 
 
As to be expected, the FWHM values decrease (i.e. the precision of the spots improves) 
as the size of the box increases. Figure 112 shows that the FWHM for (01) and (10) follow 
this same trend for both angle and spatial frequency. It can be seen that any disparity 
between FWHM for (01) and (10) tends to happen for the smaller box widths. 
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Figure 112: The Full Width Half Maximum (FWHM) values, calculated automatically in LaunchNDT for a simulated 
2x2 twill weave, in terms of angle (top) and spatial frequency (bottom) are plotted against the computational box 
width (in tow widths). It is shown that as the computational box is increased the FWHM decreases (i.e. the precision 
of the spots on the spatial frequency vs. angle plots improve). 
 
It is also known (from Equation 50) that for this particular modelled pristine weave, S01 
and S10 should both be 2.0mm. However, it can be shown in Figure 113 that the smallest 
box widths (in terms of fibre tow widths) of 2.0 and 4.0 do not correctly identify this 
value for both S01 and S10. 
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Figure 113: The spacing calculated within LaunchNDT for a simulated 2x2 twill weave (2mm tow width) with varying 
computational box sizes is plotted against the box width (in tow widths). Two spacings are calculated for the warp 
(S10) and weft (S01) fibre tows. Both spacings should be calculated as 2mm here and it can be seen that it is not until 
the box width is 6.0 fibre tow widths that both S10 and S01 are correct.  
 
One of the most important factors to consider is the detection of the gamma and delta 
value which signify any rotation or distortion. For a pristine weave g = 180° and d = 90°. 
Figure 114 shows the variation of these two angles as the box width increases. For both 
angles it is only the 2.0 box width which returns an incorrect answer. 
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Figure 114: Two key variables in automatic detection of weaves within LaunchNDT are the gamma (rotation) and 
delta (distortion) angles. For a pristine weave g = 180° and d = 90°.  Shown here are the calculated gamma (top) 
and delta (bottom) angles (for a simulated 2x2 twill weave, fibre tow width of 2mm) as the computational box 
width increases. Where the box width is measured in fibre tow widths. For both gamma and delta, the angles are 
considered correctly identified (i.e. within an acceptable range of the predicted) for all box widths apart from the 
smallest 2.0 box width. 
 
Figure 115 directly compares the width and height of the identified (01) and (10) spots. 
It can be seen that there is a direct trend between the width (angle) and height (spatial 
frequency); if the spatial frequency spread is larger, so is the angular spread. The 
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gradients of the lines for both FWHM (01) and FWHM (10) can be seen to 0.0095/°mm 
and 0.0088/°mm respectively.  
 
 
 
Figure 115: A spot on the spatial frequency vs. angle plots is considered of high precision when it has small FWHM 
in both angle and spatial frequency. The FWHM for spatial frequency (y-axis) is plotted against the FWHM for angle 
(x-axis) for both (01) and (10).l Unsurprisingly the two FWHM values are correlated, when the FWHM for angles 
gets larger, so does the FWHM for spatial frequency. The slopes have been added for comparison between (01) 
and (10); they are 0.0095/°mm and 0.0088/°mm respectively. 
 
5.2.1.2 Rectangular	box	on	pristine	weave	
In this section (‘5.2.1.2 Rectangular box on pristine weave’), rectangular computational 
boxes are investigated to understand the effect, if any, when 𝑤𝑖𝑑𝑡ℎ	 ≠ ℎ𝑒𝑖𝑔ℎ𝑡. The 
results of a number of different sized rectangles, orientated in both the x- and y- 
direction are shown and it can be seen that there is a difference between the 0° and 90° 
spots. The smaller sides of the rectangles measure 2.0, 4.0 and 6.0 whilst the longer 
sides vary at 8.0 (Figure 116), 10.0 (Figure 117) and 12.0 (Figure 118) [in fibre tow 
widths]. 
 
When the longer side is orientated in the y-direction (90°), the spots relative to this are 
narrow (of higher resolution) and the wider spots can be found in the x-direction (0°). 
The smaller computational rectangle results in the spots detected at 45° being distorted. 
But by enlarging the box to 4.0 fibre tows (on the shorter side of the rectangle), this 
distortion at 45° is greatly reduced.  
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Figure 116: The size of the spots on the spatial frequency vs. angle plots can be defined as angular resolution. A 
small clear spot has good/high angular resolution (narrower spread in both angle and spatial frequency). For a 
computational box where width ¹ height the effect of the difference in lengths of the sides can be seen. When the 
longer side of the computational box is orientated in the y-direction (90°), the spots relative to this are narrow (of 
higher resolution) and the wider spots can be found in the x-direction (0°). The smaller computational rectangle 
results in the spots detected at 45° being distorted. The results shown are from a simulated 2x2 twill weave with a 
fibre tow width of 2mm; the computational boxes vary in size (top to bottom, left to right), 2.0 x 8.0, 8.0 x 2.0, 4.0 
x 8.0, 8.0 x 4.0, 6.0 x 8.0 and 8.0 x 6.0 (in fibre tow widths). The line plots at the top of the spatial frequency vs. 
angle plots are representative of the spots on the main plot. The peaks can be seen at the angle of the spots and 
the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
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Figure 117: The size of the spots on the spatial frequency vs. angle plots can be defined as angular resolution. A 
small clear spot has good/high angular resolution (narrower spread in both angle and spatial frequency). For a 
computational box where width ¹ height the effect of the difference in lengths of the sides can be seen. When the 
longer side of the computational box is orientated in the y-direction (90°), the spots relative to this are narrow (of 
higher resolution) and the wider spots can be found in the x-direction (0°). The smaller computational rectangle 
results in the spots detected at 45° being distorted. The results shown are from a simulated 2x2 twill weave with a 
fibre tow width of 2mm; the computational boxes vary in size (top to bottom, left to right), 2.0 x 10.0, 10.0 x 2.0, 
4.0 x 10.0, 10.0 x 4.0, 6.0 x 10.0 and 10.0 x 6.0 (in fibre tow widths). The line plots at the top of the spatial frequency 
vs. angle plots are representative of the spots on the main plot. The peaks can be seen at the angle of the spots 
and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
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Figure 118: The size of the spots on the spatial frequency vs. angle plots can be defined as angular resolution. A 
small clear spot has good/high angular resolution (narrower spread in both angle and spatial frequency). For a 
computational box where width ¹ height the effect of the difference in lengths of the sides can be seen. When the 
longer side of the computational box is orientated in the y-direction (90°), the spots relative to this are narrow (of 
higher resolution) and the wider spots can be found in the x-direction (0°). The smaller computational rectangle 
results in the spots detected at 45° being distorted. The results shown are from a simulated 2x2 twill weave with a 
fibre tow width of 2mm; the computational boxes vary in size (top to bottom, left to right), 2.0 x 12.0, 12.0 x 2.0, 
4.0 x 12.0, 12.0 x 4.0, 6.0 x 12.0 and 12.0 x 6.0 (in fibre tow widths). The line plots at the top of the spatial frequency 
vs. angle plots are representative of the spots on the main plot. The peaks can be seen at the angle of the spots 
and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
Table 21 shows the results from the simulations seen in Figure 116, Figure 117 and 
Figure 118. A column for width: height ratio is also included. It should be noted here that 
the highlighted box represents an incorrect identification of the weave type; a 3x3 twill 
weave was identified for the 10.0 x 2.0 rectangular box. 
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Table 21: The computational box which is seen on the ultrasonic C-scan within LaunchNDT has been varied in size 
in order to see the effect on the results returned; including two fundamental angles of gamma (rotation) and delta 
(distortion). Also calculated are the spacing for the warp and weft tows (S10 and S01 respectively) and the full width 
half maximum (FWHM) in terms of angle and spatial frequency for both warp and weft. The simulated weave is a 
2x2 twill with fibre tow width of 2mm. It should be noted here that the highlighted box represents an incorrect 
identification of the weave type; a 3x3 twill weave was identified for the 10.0 x 2.0 rectangular box. 
 
Box Details      FWHM (01) FWHM (10) 
Area Height Width Width 
divided 
by 
height 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(mm2) (Tow Widths) 
(Tow 
Widths) (°) (°) (mm) (mm) 
64 2 8 4.00 176.4 94.9 2.1 2.0 36.6 0.33 9.4 0.38 
128 4 8 2.00 180.5 90.7 2.0 2.0 16.5 0.17 9.4 0.17 
192 6 8 1.33 180.5 90.5 2.0 2.0 10.7 0.12 9.4 0.12 
64 8 2 0.25 181.2 89.1 2.1 1.9 7.6 0.37 35.5 0.33 
128 8 4 0.50 180.6 90.1 2.0 2.0 8.5 0.18 17.4 0.18 
192 8 6 0.75 180.5 90.4 2.0 2.0 9.1 0.11 11.3 0.12 
80 2 10 5.00 175.7 95.2 2.3 2.0 37.8 0.41 7.2 0.37 
160 4 10 2.50 180.3 90.6 2.0 2.0 16.6 0.17 7.2 0.18 
240 6 10 1.67 180.4 90.4 2.0 2.0 11.1 0.12 7.2 0.11 
80 10 2 0.20 180.6 90.4 2.1 2.0 6.8 0.33 32.3 0.29 
160 10 4 0.40 180.5 90.3 2.0 2.0 6.8 0.17 16.4 0.16 
240 10 6 0.60 180.5 90.3 2.0 2.0 6.9 0.11 11.3 0.11 
96 2 12 6.00 175.7 95.2 2.2 2.1 37.8 0.40 5.2 0.38 
192 4 12 3.00 180.4 90.7 2.0 2.0 16.5 0.18 5.2 0.18 
288 6 12 2.00 180.5 90.6 2.0 2.0 10.8 0.12 5.3 0.12 
96 12 2 0.17 180.5 90.5 2.1 2.1 5.5 0.33 32.5 0.29 
192 12 4 0.33 180.5 90.2 2.0 2.0 4.7 0.17 16.5 0.17 
288 12 6 0.50 180.3 90.0 2.0 2.0 5.2 0.11 11.3 0.12 
 
Figure 119 compares the FWHM in terms of angle for (01) vs. (10) and again for spatial 
frequency. A large ratio indicates a small height. The x-axis for these graphs is 
represented by a logarithmic scale which allows for the effective grouping of those with 
small ratios (<1.00 on the graph) and those with large ratios (>1.00 on the graph).  
 
With regards to the FWHM (°) (left hand side of Figure 119) there can be seen to be a 
decreasing trend for (10) whilst an increasing trend for (01). At the small ratio end of the 
graph, there is a high FWHM (°) for (10), whilst the largest ratios result in a high FWHM 
(°) for (01). This discrepancy between (01) and (10) is due to the effect of the longest 
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side of the rectangle. The orientation of the largest side results in a small FWHM (°), in 
that direction. For example, if the largest side is orientated at 0° (the (01) direction) the 
FWHM (°) for (10) will be small. There is a grouping around the middle of the graph, 
where the FWHM (°) for both (01) and (10) are similar; this is the result of the rectangles 
where there is little difference between the height and width. 
 
When focusing on the FWHM (/mm), the left hand side of Figure 119 shows a different 
trend to that seen for the FWHM (°). Firstly, the results for both (01) and (10) can be 
seen to show good correlation to one another. This would indicate that a rectangular 
box (where height ¹ width) does not have an effect on the FWHM (/mm) in the same 
way as for the FWHM (°). However, it can be seen that the graph is a ‘u’ shape where 
the low and high ratio extremes cause large FWHM (/mm). This would indicate that the 
ratios where there is little difference between width and height produce smaller FWHM 
(/mm). This could indicate that the FWHM (/mm) is more effected by the rectangle area 
rather than the dimensions of the height and width. 
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Figure 119: In order to better compare the computational boxes when width ¹ height the ratio of width to height 
has been calculated and a logarithmic scale has been used, which allows for the effective grouping of those with 
small ratios (<1.00 on the graph) and those with large ratios (>1.00 on the graph) (x-axis). A large ratio indicates a 
small height. Here, it is compared against the Full Width Half Maximum (FWHM) for angle of (01) and (10) (top) 
and spatial frequency of (01) and (10) (bottom). With regards to the FWHM (°) there can be seen to be a decreasing 
trend for (10) whilst an increasing trend for (01). At the small ratio end of the graph, there is a high FWHM (°) for 
(10), whilst the largest ratios result in a high FWHM (°) for (01). This discrepancy between (01) and (10) is due to 
the effect of the longest side of the rectangle. The orientation of the largest side results in a small FWHM (°), in 
that direction. For example, if the largest side is orientated at 0° (the (01) direction) the FWHM (°) for (10) will be 
small. There is a grouping around the middle of the graph, where the FWHM (°) for both (01) and (10) are similar; 
this is the result of the rectangles where there is little difference between the height and width. When focusing on 
the FWHM (/mm), a different trend is seen. Firstly, the results for both (01) and (10) can be seen to show good 
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correlation to one another. This would indicate that a rectangular box (where height ¹ width) does not have an 
effect on the FWHM (/mm) in the same way as for the FWHM (°). However, it can be seen that the graph is a ‘u’ 
shape where the low and high ratio extremes cause large FWHM (/mm). This would indicate that the ratios where 
there is little difference between width and height produce smaller FWHM (/mm). This could indicate that the 
FWHM (/mm) is more effected by the rectangle area rather than the dimensions of the height and width. 
 
Figure 120 shows the FWHM (/mm) for both (01) and (10) in terms of rectangle area and 
a trend can now more easily be seen; the larger the area of the rectangle, the smaller 
the FWHM (/mm). This fits with what has been seen in the analysis of square boxes. The 
slopes of the date for FWHM (/mm) of (01) and (10) are within 92% of one another. 
 
 
Figure 120: A comparison of Full Width Half Maximum (FWHM) in terms of spatial frequency (/mm) for (01) and 
(10), against the area of the rectangular computational boxes (mm2) is shown here. A distinct trend is shown, 
whereby the larger the area of the rectangle the smaller the FWHM (/mm) which confirms the analysis of the 
square computational boxes. The results shown here are from the analysis of a simulated 2x2 twill weave with 
fibre tow width of 2mm. 
 
Again, for this simulation the S01 and S10 values should be 2.0mm and it can be seen in 
Figure 121 this not always the case. The smaller and larger ratios do not correctly 
identify both S01 and S10; but the ratios in between 0.33 (rectangle 12.0 x 4.0) and 3.00 
(rectangle (4.0 x 12.0)) correctly identify both.  
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Figure 121: The spacing of both (01) and (10) (S01 and S10 respectively) are plotted against the ratio of width to 
height for the computational boxes (on the simulated 2x2 twill weave with fibre two width of 2mm). The spacing 
should be 2mm for this simulated weave but it can be seen here that small ration and large ratios do not result in 
the correction identification of both S01 and S10. (Note: a logarithmic scale is not used here, as seen in Figure 119, 
as the analysis of the spacing, shown here, does not require the same level of analysis as the Full Width Half 
Maximum (FWHM) data – the logarithmic scale was required to understand the trend of the FWHM with relation 
to the rectangular computational boxes). 
 
The effect of the computational box where 𝑤𝑖𝑑𝑡ℎ	 ≠ ℎ𝑒𝑖𝑔ℎ𝑡 is best highlighted in Figure 
122. Whilst there is no clear trend (as for the square boxes seen in Figure 115), both the 
FWHM (01) and FWHM (10) show very similar values.  However, when you look at the 
spatial frequency vs. angle plot results it can be seen that in some instances, such as the 
top two left hand images in Figure 118, that the pixel variation results in two spots being 
merged together. For instance, in the top left hand image there is one large spot 
between approximately 160°-180°, whilst the image below shows this as two spots. 
 
If this was to happen on the fundamental spots of (01) and (10), the combined spot 
would inherently have larger FWHM in both angle and spatial frequency. The results 
which show the lowest FWHM (°) and FWHM (/mm) represent rectangles 6.0 x 12.0 and 
12.0 x 6.0 which are the largest values for the width and height tested. 
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Figure 122: The Full Width Half Maximum (for spatial frequency) is plotted here against the Full Width Half 
Maximum (for angle); for both (01) and (10). Data is taken from simulated 2x2 twill weave with fibre tow width of 
2mm with rectangular computational boxes. There is no clear trend but the results for both (01) and (10) show 
correlation with each other.  
 
Once again, the variation of both gamma and delta is analysed and can be seen in Figure 
123. Gamma and delta are identified correctly, until the ratio is above 3.00; the three 
values shown to be incorrectly identified are the rectangles 2.0 x 8.0, 2.0 x 10.0 and 2.0 
x 12.0. Indicating that a size of 2.0 fibre tow widths is not suitable for analysis. 
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Figure 123: Two key variables in automatic detection of weaves within LaunchNDT are the gamma (rotation) and 
delta (distortion) angles. For a pristine weave g = 180° and d = 90°.  Shown here are the calculated gamma (left) 
and delta (right) angles (for a simulated 2x2 twill weave, fibre tow width of 2mm) as the ratio of the computational 
rectangular box’s width to height increases. The angles are not both correctly identified when the ratio is small or 
large, as seen in the graphs here. Angles are considered correctly identified when they are ±0.5 of the predicted 
angle. 
5.2.2 Pixel	size	vs.	tow	width	
Pixel size, in this sense, refers to the step size used to acquire the ultrasonic scan data; 
the smaller the pixel size, the higher the resolution. The simulated data within 
LaunchNDT has a default setting of 0.2mm x 0.2mm for resolution but other resolutions 
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can be simulated. As with the box size, the pixel size is given in this chapter with 
reference to the tow width, which remains the same at 2mm.  
 
The investigation for the variation of pixel sizes was again, conducted on a simulated 
scan of 25mm x 25mm. The computational box size was chosen to be 8.0 x 8.0 fibre tow 
widths as this was seen to show good results for the analysis on a pristine weave (as 
shown in ‘5.2.1.1 Square box on pristine weave’). Figure 124 shows the results of six 
different pixel sizes, normalised to fibre-tow width. The immediate difference is obvious 
within the C-scan images; despite all representing the same 2x2 twill weave, the 
depiction of this is different as the pixel size is changed. Effectively, the full weave cannot 
be imaged with a pixel size greater than 0.3 of a fibre-tow width due to ‘aliasing’; there 
are not enough pixels to define a single tow.  
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Figure 124: The pixel size of the simulated 2x2 twill weave (with fibre tow width of 2mm) has been varied (in terms 
of tow width) and from top to bottom, left to right are 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30. The immediate 
difference is obvious within the C-scan images; despite all representing the same 2x2 twill weave, the depiction of 
this is different as the pixel size is changed. Effectively, the full weave cannot be imaged with a pixel size greater 
than 0.3 of a fibre-tow width due to ‘aliasing’; there are not enough pixels to define a single tow. It can also be 
seen that the change in pixel size has an effect on the spatial-frequency range that is available from the FFT that is 
performed on the Radon Transform (‘4.2.2.2 Spatial Frequency from a Radon Transform’), with the fundamental 
spatial frequency of 0.5 gradually moving to the top of the scale as the pixel size is increased. The line plots at the 
top of the spatial frequency vs. angle plots are representative of the spots on the main plot. The peaks can be seen 
at the angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the 
brighter the spot. 
 
It can also be seen in Figure 124 that the change in pixel size has an effect on the spatial-
frequency range that is available from the FFT that is performed on the Radon Transform 
(4.2.2.2 Chapter Four), with the fundamental spatial frequency of 0.5 gradually moving 
to the top of the scale as the pixel size is increased. The top of scale is set to the Nyquist 
frequency in the software for LaunchNDT, so the pixel size should be less than half of 
the tow width in order to comply with the Nyquist criterion where there must be at least 
two sample points per wavelength for unambiguous imaging of that spatial frequency.  
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The scale of the y-axis makes the spots look elongated in the y-direction but by looking 
at the FWHM (/mm) values, it can be seen that these remain fairly consistent (Table 22). 
 
Table 22: The pixel size (or step size of the acquired data) has been varied in size within LaunchNDT in order to see 
the effect on the results returned; including two fundamental angles of gamma (rotation) and delta (distortion). 
Also calculated are the spacing for the warp and weft tows (S10 and S01 respectively) and the full width half 
maximum (FWHM) in terms of angle and spatial frequency for both warp and weft. The simulated weave is a 2x2 
twill with fibre tow width of 2mm. 
Pixel Details     FWHM (01) FWHM (10) 
Area x y g d S01 S10 
(°) (mm-1) (°) (mm-1) 
(mm2) (Tow Widths) 
(Tow 
Widths) (°) (°) (mm) (mm) 
0.04 0.05 0.05 180.4 90.3 2.0 2.0 17.5 0.18 17.2 0.18 
0.16 0.10 0.10 180.1 90.0 2.0 2.0 17.1 0.16 16.0 0.18 
0.36 0.15 0.15 180.4 90.6 2.0 2.0 16.6 0.19 16.1 0.19 
0.64 0.20 0.20 180.5 90.2 1.9 1.9 14.9 0.16 15.2 0.16 
1.00 0.25 0.25 180.3 90.0 2.0 2.0 15.4 0.19 14.3 0.17 
1.44 0.30 0.30 180.5 90.5 2.0 2.0 12.7 0.17 11.3 0.18 
 
As the pixel size increases, the number of pixels within the computational box will 
decrease. It would subsequently be expected that as the width of the pixel decreases 
(and more pixels can be seen within the computational box) the FWHM will decrease. 
This can be seen to be happening in Figure 124, although it needs to be remembered 
that the y-axis scale is changing here, however the left hand image in Figure 125 shows 
the FWHM (°) decreasing as pixel width increases. The right hand image in Figure 125 
shows no clear trend in FWHM (/mm). 
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Figure 125: The Full Width Half Maximum (FWHM) values, calculated automatically in LaunchNDT for a simulated 
2x2 twill weave (with square computational boxes), in terms of angle (top) and spatial frequency (bottom) are 
plotted against the pixel width (in tow widths). As the pixel size increases, the number of pixels within the 
computational box will decrease and therefore, it would subsequently be expected that as the width of the pixel 
decreases (and more pixels can be seen within the computational box) the FWHM will decrease. However, this is 
not seen to be happening in the left hand image for FWHM (°) decreasing as pixel width increases. The right hand 
image shows no clear trend in FWHM (/mm). 
 
This could be down to the orientation of the simulated data. By simulating the 
orientation of the ply at 0°/90° this happens to fall in line with the orientation of the 
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pixels; effectively meaning that the primary angles of 0° (01) and 90° (10) are more 
clearly defined. (Which is why the FWHM (°) can be seen to decrease as the pixel width 
increases; shown in Figure 127). The larger pixels will only recognise spots at their 
corners and will not pick up existing lines in-between. Also, in the instances of 0.20 and 
0.25 pixel widths (tow widths), they will sit on a pixel boundary. 
 
 
 
Figure 126: A simple sketch to show the effect of pixel size on determination of lines. By simulating the orientation 
of a ply within LaunchNDT at 0°/90° this happens to fall in line with the orientation of the pixels; effectively 
meaning that the primary angles of 0° (01) and 90° (10) are more clearly defined. The larger pixels (shown on the 
right hand side of the sketch) will only recognise spots at their corners and will not pick up existing lines in-between. 
Therefore, as the pixels get larger, they are effectively less sensitive to any variation in the location of the tows. 
Because the true distance is 0°/90° the pixilation effect starts to dominate. 
 
Figure 126 shows how smaller pixels can results in a ‘wobblier’ line; as the pixels get 
larger, the lines get straighter. So, as the pixels get larger, they are effectively less 
sensitive to any variation in the location of the tows. Because the true distance is 0°/90° 
the pixilation effect starts to dominate. 
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Figure 127: For (01) (top) and (10) (bottom) the Full Width Half Maximum for angle and spatial frequency (FWHM 
(°) and FWHM (/mm)) are plotted against the pixel width (in tow widths) for a simulated 2x2 twill with fibre tow 
width of 2mm. The FWHM (°) for both (01) and (10) can be seen to decrease as the pixel width gets larger. However, 
the FWHM (/mm) does not have a clear trend. 
 
In order to understand if this effect was specifically occurring at 0°/90°, a further study 
was conducted on a ply simulated at ±15°. The results from this can be seen pictorially 
in Figure 128 and they have also been noted in Table 23. 
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Figure 128: A simulated 2x2 twill weave (with fibre tow width of 2mm) is orientated at ±15°. The pixel size has 
been varied (in terms of tow width) and from top to bottom, left to right are 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30. 
The immediate difference is obvious within the C-scan images; despite all representing the same 2x2 twill weave, 
the depiction of this is different as the pixel size is changed. Effectively, the full weave cannot be imaged with a 
pixel size greater than 0.3 of a fibre-tow width due to ‘aliasing’; there are not enough pixels to define a single tow. 
It can also be seen that the change in pixel size has an effect on the spatial-frequency range that is available from 
the FFT that is performed on the Radon Transform (‘4.2.2.2 Spatial Frequency from a Radon Transform’), with the 
fundamental spatial frequency of 0.5 gradually moving to the top of the scale as the pixel size is increased. The line 
plots at the top of the spatial frequency vs. angle plots are representative of the spots on the main plot. The peaks 
can be seen at the angle of the spots and the height of the peaks represent the brightness of the spot; the higher 
the peak, the brighter the spot. 
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Table 23: The pixel size (or step size of the acquired data) has been varied in size within LaunchNDT in order to see 
the effect on the results returned; including two fundamental angles of gamma (rotation) and delta (distortion). 
Also calculated are the spacing for the warp and weft tows (S10 and S01 respectively) and the full width half 
maximum (FWHM) in terms of angle and spatial frequency for both warp and weft. The simulated weave is a 2x2 
twill with fibre tow width of 2mm orientated at ±15°. 
 
Pixel Details     FWHM (01) FWHM (10) 
Area x y g d S01 S10 
(°) (mm-1) (°) (mm-1) 
(mm2) (Tow Widths) 
(Tow 
Widths) (°) (°) (mm) (mm) 
0.04 0.05 0.05 167.2 88.6 2.0 2.0 18.4 0.21 17.3 0.19 
0.16 0.10 0.10 167.0 89.1 1.9 2.0 18.4 0.16 17.3 0.16 
0.36 0.15 0.15 167.2 89.0 2.0 2.0 20.4 0.17 16.5 0.17 
0.64 0.20 0.20 165.3 91.5 1.9 2.0 18.3 0.16 16.1 0.16 
1.00 0.25 0.25 166.4 90.5 2.0 2.0 17.4 0.17 15.2 0.17 
1.44 0.30 0.30 161.2 94.8 2.0 2.0 23.5 0.18 19.5 0.10 
 
Figure 129 shows that now the ply is orientated at ±15° there is no longer the obvious 
downward trend for FWHM (°) as seen in Figure 125. In fact, the largest pixel size shows 
an increase in FWHM (°) which is more as expected. The FWHM (/mm) shows an overall 
decreasing trend and a much better correlation between (01) and (10); apart from the 
smallest and the largest pixel width. 
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Figure 129: The Full Width Half Maximum (FWHM) values, calculated automatically in LaunchNDT for a simulated 
2x2 twill weave (orientated at ±15°), in terms of angle (top) and spatial frequency (bottom) are plotted against the 
pixel width (in tow widths) for both (01) and (10). As the pixel size increases, the number of pixels within the 
computational box will decrease and therefore, it would subsequently be expected that as the width of the pixel 
decreases (and more pixels can be seen within the computational box) the FWHM will decrease. However, this is 
only seen to happen for the largest pixel size.  The FWHM (/mm) shows an overall decreasing trend and a much 
better correlation between (01) and (10); apart from the smallest and the largest pixel width. 
 
When looking at the FWHM (01) and (10) separately, as seen in Figure 130, there is 
again, the most discrepancy at either end of the graphs; when the pixels are at their 
smallest and largest. This would seem to indicate that a pixel size between 0.10 and 0.25 
(in terms of tow widths) would be best suited for the analysis. 
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Figure 130: FWHM (°) and FWHM (/mm) relationship for FWHM (01) and FWHM (10), for pristine 2x2 twill weave, 
orientated at ±15°. For (01) (top) and (10) (bottom) the Full Width Half Maximum for angle and spatial frequency 
(FWHM (°) and FWHM (/mm)) are plotted against the pixel width (in tow widths) for a simulated 2x2 twill with 
fibre tow width of 2mm, orientated at ±15°. The most discrepancy between angle and spatial frequency can be 
seen at either end of the graphs; when the pixels are at their smallest and largest. This would seem to indicate that 
a pixel size between 0.10 and 0.25 (in terms of tow widths) would be best suited for the analysis. 
5.2.3 Experimental	validation	
Sample RSW3 is an eight layer 0/90°, 2x2 twill woven composite. It has a fibre-tow width 
of 2.23mm and is 1.75mm thick. It has been used in this section (‘5.2.3 Experimental 
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validation’) to validate the simulated exploration into the variation of computational box 
size and pixel size. 
 
5.2.3.1 Validation	of	box	size	variation	
As with the simulated data, the box size has been varied to understand the subsequent 
effect on the output of the spatial frequency vs. angle plots. As expected, Figure 131 
agrees with the simulated data in terms of the relationship between box size and 
resolution. It can be seen that when a larger computational box is used the spots are 
narrow, which ultimately is more desirable because it increases precision. 
 
Table 24 documents the results seen from varying the box size on RSW3; the first line 
can be seen to be greyed out owing to the fact that the 16mm2  box did not provide 
enough data to analyse the sample. 
 
Table 24: The computational box which is seen on the ultrasonic C-scan within LaunchNDT has been varied in size 
in order to see the effect on the results returned; including two fundamental angles of gamma (rotation) and delta 
(distortion). Also calculated are the spacing for the warp and weft tows (S10 and S01 respectively) and the full width 
half maximum (FWHM) in terms of angle and spatial frequency for both warp and weft. For these results, the 
computational box has been varied on data collected for sample RSW3 which is a 2x2 twill with 2mm fibre tow 
width. The first line can be seen to be greyed out owing to the fact that the 16mm2  box did not provide enough 
data to analyse the sample. 
Box Details     FWHM (01) FWHM (10) 
Area Height Width g d S01 S10 
(°) (mm-1) (°) (mm-1) 
(mm2) (Tow Widths) 
(Tow 
Widths) (°) (°) (mm) (mm) 
16 1.81 1.81                 
64 3.63 3.63 178.4 91.4 2.2 2.3 19.0 0.16 19.3 0.16 
144 5.45 5.45 0.2 90.1 2.2 2.2 11.8 0.10 11.3 0.13 
256 7.27 7.27 0.4 89.7 2.2 2.2 9.8 0.09 10.4 0.08 
400 9.09 9.09 0.4 89.9 2.2 2.2 7.4 0.07 8.2 0.07 
576 10.90 10.90 0.3 90.0 2.2 2.2 5.5 0.06 6.1 0.06 
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Figure 131: Sample RSW3 (a 2x2 twill weave with fibre tow width of 2.23mm) has been analysed using LaunchNDT. 
From top to bottom the size of the computational box has been increased in terms of fibre tow widths (1.81. 3.63, 
RSW3. Different box sizes.
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5.45, 7.27, 9.09 and 10.90). The angular resolution of the resultant spots on the spatial frequency vs. angle plots 
can be seen to improve as the computational box gets larger. The line plots at the top of the spatial frequency vs. 
angle plots are representative of the spots on the main plot. The peaks can be seen at the angle of the spots and 
the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
The comparison of the FWHM (°) for both (01) and (10) and similarly of the FWHM (/mm) 
shows alignment in terms of the expected trend, as seen in Figure 132.  
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Figure 132: The Full Width Half Maximum (FWHM) results for sample RSW3 are plotted against the box width (in 
terms of fibre tow widths); with the FWHM (°) seen top and the FWHM (/mm) seen bottom. In both instances the 
results for (01) and (10) are included.  The FWHM for both angle and spatial frequency can be seen to decrease as 
the computational box increases which is to be expected. 
 
Similarly, the direct comparison between the FWHM, (angle and spatial frequency) show 
that they are both affected in a similar way to each other. i.e. when the spatial frequency 
FWHM increases, so does the FWHM in terms of angle. It can be seen in Figure 133 that 
the slopes are within approximately 95% of one another. 
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Figure 133: The Full Width Half Maximum (FWHM) for angle (x-axis) and for spatial frequency (y-axis) are plotted 
for (01) and (10). It is shown that when the spatial frequency FWHM increases, so does the FWHM in terms of angle. 
Note that the slope is 0.0075/°mm and 0.0079/°mm for FWHM (01) and FWHM (10) respectively, meaning that 
they are within approximately 95% of one another. 
 
Figure 134 shows that all but the smallest box size (in this instance 4.0 fibre tow widths) 
have correctly identified both the values of S01 and S10 as being 2.2mm. 
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Figure 134: For sample RSW3 the spacing for both (01) and (10) is known to be 2.23mm. Here the results from the 
analysis of RSW3 within LaunchNDT are plotted against the computational box with (in terms of tow width). All 
but the smallest computational box correctly identify the spacing for both (01) and (10). 
 
Similarly, Figure 135 shows that again, it is the smallest computational box that does not 
correctly identify the values of gamma and delta. 
 
2.2
2.2
2.2
2.2
2.3
2.3
2.3
2.3
0.00 2.00 4.00 6.00 8.00 10.00 12.00
Sp
ac
in
g 
(m
m
)
Box Width (Tow Widths)
S01
S10
- 255 - 
 
 
 
Figure 135: The gamma and delta angles are known to be 180° and 90° for a pristine weave (of which sample RSW3 
is assumed to be). The calculated gamma and delta angles from the analysis of sample RSW3 within LaunchNDT  
are shown here (top and bottom respectively). All but the smallest computational box size enable the nominally 
correct calculation of both the gamma and delta angles.  
 
At this juncture it is important to validate the simulated data by comparing it to the 
results from RSW3. The FWHM (°) and FWHM (/mm) for both (01) and (10) have been 
compared and can be seen in Figure 136; they show good correlation for all four 
variables. 
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Figure 136: A comparison is undertaken between simulated data (a 2x2 twill weave with fibre tow width of 
2.23mm) and sample RSW3 (a 2x2 twill weave with fibre tow width of 2.23mm). From top to bottom; FWHM (°) 
for (01), FWHM (/mm) for (01), FWHM (°) for (10), FWHM (/mm) for (10). Most importantly it can be seen from all 
four graphs that the data captured from the simulated weave and the weave of sample RSW3 show good 
correlation; proving the capabilities of LaunchNDT.  
 
Lastly, the FWHM (01) and FWHM (10) for the simulated data and sample RSW3 are 
compared in Figure 137. The slopes for FWHM (01) can be seen to be within 90% of each 
other, whilst FWHM (10) are within 78%.  
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Figure 137: The Full Width Half Maximum for angle (x-axis) and for spatial frequency (y-axis) for both (01) [top] and 
(10) [bottom] for the simulated 2x2 twill weave and sample RSW3 (also a 2x2 twill weave) are compared. The 
slopes for (01) are within 90% of each other, showing good correlation. The slopes for (10) are within 78% 
correlation.  
 
5.2.3.2 Validation	of	pixel-size	variation	
LaunchNDT has the capability to half the resolution in both the ‘x’ and ‘y’ directions, 
which allows for the analysis of different pixel sizes. Sample RSW3 was scanned with 
pixel size of 0.2mm x 0.2mm and can be subsequently analysed at 0.4mm x 0.4mm using 
the capability within LaunchNDT. The following iteration of 0.8 x 0.8 did not provide 
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enough data to be analysed. The results from the two different pixel sizes can be seen 
in Table 25. There is not enough data to draw any conclusions. 
Table 25: The pixel size (or step size of the acquired data) has been varied in size within LaunchNDT in order to see 
the effect on the results returned; including two fundamental angles of gamma (rotation) and delta (distortion). 
Also calculated are the spacing for the warp and weft tows (S10 and S01 respectively) and the full width half 
maximum (FWHM) in terms of angle and spatial frequency for both warp and weft. For these results, LaunchNDT 
was used to vary the pixel size of data collected for sample RSW3 which is a 2x2 twill with 2mm fibre tow width. 
Sample RSW3 was scanned with pixel size of 0.2mm x 0.2mm and can be subsequently analysed at 0.4mm x 0.4mm 
using the capability within LaunchNDT. The following iteration of 0.8 x 0.8 did not provide enough data to be 
analysed. There is not enough data to draw any conclusions. 
 
Pixel Details     FWHM (01) FWHM (10) 
Area x y g d S01 S10 
(°) (mm-1) (°) (mm-1) 
(mm2) (Tow Widths) 
(Tow 
Widths) (°) (°) (mm) (mm) 
0.01 0.045 0.045                 
0.04 0.091 0.091 0.4 89.9 2.2 2.2 4.9 0.05 5.2 0.05 
0.09 0.136 0.136                 
0.16 0.182 0.182 0.4 90.0 2.2 2.2 4.9 0.05 5.2 0.04 
0.25 0.227 0.227                 
0.36 0.273 0.273                 
 
5.2.4 Summary	of	angular-resolution	dependence	
This section (‘5.2.4 Summary of angular-resolution dependence’) looks at whether or 
not the resultant FWHM depends on the number of pixels in the computational box only. 
Alternatively, it may be that the box size vs tow width is important in one regime and 
the pixel size vs tow width is important in another. 
 
Table 26 documents the FWHM (°) for (01) when both the pixel size and the box width 
is varied for simulated data. It should be noted that both the pixel size and the box width 
are displayed in terms of fibre tow width (2mm in this case). The data is subsequently 
displayed in a contour plot in Figure 138. The key to the right-hand side of the table 
indicates when the incorrect weave has been identified. It is only the smallest box width 
which incorrectly identifies the weave; however, there are three different pixel sizes 
which incorrectly identify the weave, and this includes both the smallest and largest.  
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Table 26: Full width half maximum (FWHM) for angle (°) for (01) when both the pixel size and the box width is 
varied for simulated data is displayed here. It should be noted that both the pixel size and the box width are 
displayed in terms of fibre tow width (2mm in this case). The simulated weave was a 2x2 twill, with fibre tow width 
of 2mm. They key to the left indicates that in three instances, the incorrect weave was returned from the weave 
classifier. It is only the smallest box width which incorrectly identifies the weave; however, there are three different 
pixel sizes which incorrectly identify the weave, and this includes both the smallest and largest. 
FWHM (°) (01) 
Square box size / Tow width    
2.0 4.0 6.0 8.0 10.0 12.0    
Pi
xe
l S
ize
 
0.05 38.2 17.4 10.7 9.1 6.9 4.7    3x3 Twill 
0.10 37.3 18.1 10.6 9.3 6.9 5.0    2x3 Basket 
0.15 41.6 17.1 11.3 9.1 6.9 4.4    
0.20 38.7 16.0 10.5 7.3 6.6 4.9    
0.25 25.1 14.4 8.8 6.6 4.9 5.2    
0.30 32.8 12.9 8.2 6.9 4.4 5.4    
 
Remembering that the smaller FWHM (°) values indicate the higher precision and 
therefore the resolution; it is the clear from the contour plot (Figure 138) that whilst the 
size of the box does have an effect on the FWHM (°) this seems to be independent of 
pixel sizing. This is why the contour plot can be seen to roughly have vertical lines. There 
does seem to be an exception at 0.25 pixel size (tow widths) which could be down to the 
reasons stated above (the tow widths here sit on a pixel boundary). 
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Figure 138: A contour plot of box width (in terms of tow widths) vs. pixel size (in terms of tow width) for the Full 
Width Half Maximum angle for (01) for a simulated 2x2 twill weave. The scale is defined in bands of ten and is 
defined by the FWHM (°) produced by LaunchNDT following analysis. The smaller FWHM (°) values indicate the 
higher precision and therefore the resolution; it is the clear from the contour plot that whilst the size of the box 
does have an effect on the FWHM (°) this seems to be independent of pixel sizing. This is why the contour plot can 
be seen to roughly have vertical lines. There does seem to be an exception at 0.25 pixel size (tow widths) which 
could be down to the tow width (2mm in this case) sitting on a pixel boundary.  
 
In order to establish if the pixel size has more of an impact on FWHM (/mm) than FWHM 
(°) a secondary contour plot has also been produced and can be seen in Figure 139. 
Again, this confirms that the box width has an effect on the FWHM (/mm) for (01); but 
similar vertical lines can again be seen when considering the pixel size. Again, indicating 
that the results appear to be independent of pixel size. It should be noted that the pixel 
size of 0.25 (tow widths) appears to have the most effect. 
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Figure 139: A contour plot of box width (in terms of tow widths) vs. pixel size (in terms of tow width) for the Full 
Width Half Maximum spatial frequency for (01) for a simulated 2x2 twill weave. The scale is defined in bands of 
ten and is defined by the FWHM (/mm) produced by LaunchNDT following analysis. The box width has a clear 
impact on the FWHM (/mm) but the results seem to be independent of the pixel width. However, the pixel size of 
0.25 tow widths has the most effect (this could be down to the tow width (2mm in this case) sitting on a pixel 
boundary).  
The data for the contour plot in Figure 139 can be seen in Table 27. 
Table 27: Comparison of Pixel size (in terms of tow width) and box size (in terms of tow width) for FWHM (/mm) 
for (01). Full width half maximum (FWHM) for spatial frequency (/mm) for (01) when both the pixel size and the 
box width is varied for simulated data is displayed here. It should be noted that both the pixel size and the box 
width are displayed in terms of fibre tow width (2mm in this case). The simulated weave was a 2x2 twill, with fibre 
tow width of 2mm. They key to the left indicates that in three instances, the incorrect weave was returned from 
the weave classifier. It is only the smallest box width which incorrectly identifies the weave; however, there are 
three different pixel sizes which incorrectly identify the weave, and this includes both the smallest and largest. 
FWHM (/mm) (01) 
Square box size / Tow width    
2.0 4.0 6.0 8.0 10.0 12.0    
Pi
xe
l S
ize
 
0.05 0.45 0.19 0.13 0.09 0.07 0.07    3x3 Twill 
0.10 0.37 0.16 0.12 0.08 0.07 0.07    2x3 Basket 
0.15 0.42 0.19 0.10 0.09 0.07 0.06    
0.20 0.37 0.18 0.11 0.08 0.07 0.06    
0.25 0.25 0.19 0.11 0.09 0.07 0.05    
0.30 0.47 0.20 0.12 0.07 0.06 0.06    
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Two further contour plots have been created using the data collected from pixel size 
variation on the simulated ply rotated at ±15° and can be seen in Figure 140. They show 
the same parallel lines seen from the data of the 0°/90°, indicating that even with a 
rotated weave (which means that the two fundamental angles of (01) and (10) are no 
longer in line with the pixels) the FWHM for both angle and spatial frequency are 
independent of pixel size. Once again, the slight discrepancy is with pixel size 0.25 (in 
fibre tow widths). 
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Figure 140: Contour plots of square box size (in tow widths) and pixel size (in tow widths) for a simulated pristine 
2x2 twill weave, rotated at ±15°.  The Full Width Half Maximum (FWHM) for angle and spatial frequency specifically 
for (01) are shown FWHM (°) [top] and FWHM (/mm) [bottom]. They show the same parallel lines seen from the 
data of the 0°/90°, indicating that even with a rotated weave (which means that the two fundamental angles of 
(01) and (10) are no longer in line with the pixels) the FWHM for both angle and spatial frequency are independent 
of pixel size. Once again, the slight discrepancy is with pixel size 0.25 (in fibre tow widths). 
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Table 28 captures the data from the rotated ply investigation. The key to the right hand 
side shows the incorrect identification of weaves. The rotated ply which has been 
investigated is the centre of a simulated stack. The effect of this is discussed in ‘6.2.3 
Effect of Depth (RSW Samples)’ 
 
Table 28: Comparison of Pixel size (in terms of tow width) and box size (in terms of tow width) for full width half 
maximum, FWHM (°) for (01) [top] and for FWHM (/mm) for (01) [bottom] is displayed here. The simulated weave 
was a 2x2 twill, with fibre tow width of 2mm, rotated at ±15°. The key to the left indicates the instances where the 
incorrect weave was returned from the weave classifier.  
FWHM (°) (01) 
Square box size / Tow width    
2.0 4.0 6.0 8.0 10.0 12.0    
Pi
xe
l S
ize
 
0.05 41.5 19.2 12.5 9.3 7.2 5.2    
0.10 38.6 19.2 11.2 9.5 7.1 5.2    3x3 Twill 
0.15 39.7 19.3 11.2 9.2 7.1 5.2    2x3 Basket 
0.20 32.9 19.5 11.3 9.3 7.4 5.2    Plain 
0.25 29.3 17.3 12.3 9.5 7.2 5.2    7HS, O4 
0.30 35.3 19.4 12.4 8.2 7.4 5.2    3x3 Basket 
           7HS, O6 
FWHM (/mm) (01) 
Square box size / Tow width    7HS, O1 
2.0 4.0 6.0 8.0 10.0 12.0    4HS, O1 
Pi
xe
l S
ize
 
0.05 0.43 0.19 0.12 0.10 0.08 0.07    5HS, O4 
0.10 0.36 0.18 0.11 0.09 0.07 0.06    
0.15 0.34 0.17 0.11 0.09 0.07 0.06    
0.20 0.38 0.18 0.11 0.09 0.07 0.06    
0.25 0.31 0.16 0.10 0.09 0.07 0.06    
0.30 0.31 0.17 0.12 0.08 0.07 0.06    
 
5.3 Angular	Accuracy	
Whereas angular resolution is determined by the spread of the spot, angular accuracy is 
how close the mean angle and spatial frequency of a spot are to the true values. This 
includes the accurate identification of the maximum distortion location in the presence 
of local variation (waviness) in shear distortion. Box size versus waviness wavelength is 
likely to be the main criterion to consider that will limit the accuracy of the measurement 
of waviness tow angle because the maximum angle is very local in such waviness and is 
flanked by regions of reduced angle. Hence, as the box size increases, the underestimate 
of the angle should get worse (as shown in Figure 107).  
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In this section (‘5.3 Angular Accuracy’), a 2x2 twill weave is simulated with an in-plane 
sine-wave waviness in the horizontal (01) tows with the following parameters; waviness 
amplitude (Aw) of 2mm, waviness Gaussian half-width (hw) of 8mm and waviness 
wavelength (λw) of 20mm (ten fibre-tow widths).  
 
5.3.1 Box	size	vs.	tow	width	
As with the pristine weave, it is vital to have an understanding of the optimum 
computational box size when detecting and analysing any waviness defect that is 
present within a composite. In the sections below (‘5.3.1.1 Square box on distorted 
weave’ and ’5.3.1.2 Rectangular box on distorted weave’), box size has been varied for 
the simulated data with in-plane waviness (for a fixed wavelength). 
 
It is already known that the size of the computational box will affect the precision of the 
results; the larger the box, the more data points and the better the precision and angular 
resolution. When waviness is simulated in LaunchNDT, it is assumed that the tows in one 
direction are not altered (i.e. they stay the same as when simulated with no waviness). 
It is the tows in the other direction that are altered. Therefore, the shear angle d 
between (01) and (10) is effectively the waviness angle at that location. 
 
On average, the box size needs to be smaller than the in-plane waviness wavelength 
used and that its size needs to be considered relative to both the tow width and 
waviness wavelength. There is another real possibility; that there is a limit to the 
maximum shear angle of the tow when waviness is present, which would translate to a 
minimum wavelength in terms of fibre-tow widths. The waviness is simulated using an 
amplitude-modulated sine wave where the maximum waviness amplitude is where the 
gradient is a maximum; see Equation 49. 
 
Equation 49 documents the waviness equation (Smith, 2010) where (x) represents the 
location on the x-axis, (hw) is the half-width of the Gaussian amplitude-modulation 
function, (Aw) is the maximum amplitude and (lw) is the wavelength of the waviness. 
The Gaussian element is 𝑒fÝÞÛ  and is equal to one when x = 0, not influencing the 
maximum angle at that point. By finding the derivative of Equation 49 the maximum 
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gradient of the waviness, at x = 0, can be calculated. This equation is seen in Equation 
51. 
Equation 51: First derivation of the waviness equation, which is required to be able to calculated the maximum 
gradient of the waviness (at x=0); here (x) represents the location on the x-axis, (hw) is the half-width of the 
Gaussian amplitude-modulation function, (Aw) is the maximum amplitude and (lw) is the wavelength of the 
waviness. The Gaussian element is 𝒆f𝒙𝟐𝒉𝒘𝟐  and is equal to 1 when x=0. 
 𝑑𝑦𝑑𝑥 = 	𝐴{𝑒f­ÊÛ 	z−2𝑥ℎF sin 2𝜋𝑥𝜆{ + 2𝜋𝜆{ cos 2𝜋𝑥𝜆{ | 
When x = 0, 𝑒fÝÞÛ  = 1, sin FG­ßÛ  = 0 and cos FG­ßÛ  = 1; therefore this can be simplified for the 
maximum gradient, as in Equation 52. 
Equation 52: Because it is known that the Gaussian element is 𝒆f𝒙𝟐𝒉𝒘𝟐  and is equal to 1 when x=0, the first derivation 
of the waviness equation (shown in Equation 51 ) can be simplified; where (Aw) is the maximum amplitude and (lw) 
is the wavelength of the waviness.  
 z𝑑𝑦𝑑𝑥|­àv = 	2𝜋𝐴{𝜆{  
 
By taking the arctangent of the equation for the maximum gradient (Equation 52), the 
maximum waviness angle can be calculated; as shown in Equation 53. 
Equation 53: Maximum waviness angle (θw) can be calculated by using the maximum amplitude (Aw) and the 
wavelength of the waviness (lw). This is the angle of the waviness simulated in LaunchNDT and with the parameters 
of waviness amplitude (Aw) of 2mm and waviness wavelength (λw) of 20mm then θw = 32.1°. This would give δ = 
57.9° or 122.1°. These are the two possible ‘true’ values of the maximum waviness angle in the simulated scans. 
 
 𝜃{ = tanf z2𝜋𝐴{𝜆{ | 
 
For the in-plane waviness simulated within this chapter, θw = 32.1°. This would give 
δ = 57.9° or 122.1°. These are the two possible ‘true’ values of the maximum waviness 
angle in the simulated scans. 
 
5.3.1.1 Square	box	on	distorted	weave	
As mentioned in ‘5.3 Angular Accuracy’, the size of the computational box with respect 
to the in-plane waviness influences the angular accuracy; too small and the waviness 
won’t be detected, too large and the maximum angle of the waviness will be 
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underestimated. Figure 141 shows the spatial frequency vs. angle plots for the range of 
computational box sizes investigated. It is known that, due to the waviness, the d angle 
between (01) and (10) will not be 90°; and it is also known that the simulated waviness 
is in the 0° (01) tows. At the maximum weft-tow angle, (01) should be at 147.9°. 
 
Table 29 shows the results from the various box widths which have been used to capture 
data from the simulated 2x2 twill weave with waviness. It should be noted that the 
waviness wavelength (ten fibre-tow widths in this case) is probably more important for 
determining the maximum box width and it would seem that a box width less than 0.4 
wavelengths would be optimum.  
 
It can be seen that in a number of instances, the incorrect weave was identified (the key 
to the right of Table 29 highlights the weaves that the distorted 2x2 twill was mistaken 
for). Interestingly, for the majority of larger box sizes for nearly all of the pixel sizes, it 
was mistaken for a plain weave. The default value of 0.2mm pixel size (displayed here 
as 0.10 pixel size in tow widths) is the only one pixel size which correctly identifies the 
weave for all box sizes.  
 
Table 29: Comparison of pixel size (in terms of tow width) and box size (in terms of tow width) for full width half 
maximum, FWHM (°) for (01) is displayed here. The simulated weave was a distorted 2x2 twill, with fibre tow width 
of 2mm and waviness wavelength of 10 fibre tow widths. Note that the true value of the angle (γ) of (01) at the 
maximum waviness angle is 147.9° and the true value of δ is 122.1°. The key to the left indicates the instances 
where the incorrect weave was returned from the weave classifier. 
 
FWHM (°) (01) 
Square box size / Tow width    
2.0 4.0 6.0 8.0 10.0 12.0    3x3 Twill 
Pi
xe
l S
ize
/T
ow
 W
id
th
 0.05 31.2 21.1 9.1 6.3 6.3 4.4    2x3 Basket 
0.10 30.3 22.2 8.8 6.3 6.3 4.4    Plain 
0.15 28.4 23.4 8.4 6.3 6.3 4.3    7HS, O4 
0.20 27.3 27.2 9.0 6.1 5.2 4.3    
0.25 29.4 25.4 9.8 6.3 5.4 4.4    
0.30 27.4 21.3 11.2 6.3 6.3 4.4    
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The results from the variation of the box sizes only can be seen in Figure 141, and are 
subsequently displayed in Table 30. As expected, the FWHM values decrease as the box 
size increases.  
 
 
 
Figure 141: A simulated 2x2 twill weave (fibre tow width of 2mm) with in-plane waviness has been analysed within 
LaunchNDT. Six spatial frequency vs. angle plots are shown here, produced as a result of the variation in 
computational box size (in fibre tow widths). The boxes are 2.0, 4.0, 6.0, 8.0, 10.0 and 12.0 in terms of fibre tow 
widths. As the box size increases, the spots on the spatial frequency vs. angle plots become more precise. The line 
plots at the top of the spatial frequency vs. angle plots are representative of the spots on the main plot. The peaks 
can be seen at the angle of the spots and the height of the peaks represent the brightness of the spot; the higher 
the peak, the brighter the spot. 
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Table 30: The computational box which is seen on the ultrasonic C-scan within LaunchNDT has been varied in size 
in order to see the effect on the results returned; including two fundamental angles of gamma (rotation) and delta 
(distortion). Also calculated are the spacing for the warp and weft tows (S10 and S01 respectively) and the full width 
half maximum (FWHM) in terms of angle and spatial frequency for both warp and weft. The simulated weave is a 
2x2 twill with fibre tow width of 2mm with in-plane waviness. Note that the full width half maximum (FWHM) 
values decrease as the box size increases. Of key interest here is the correct identification of the gamma and delta 
values, which are predicted to be 147.9° and 122.1° respectively. The smaller the box, the closer the value to the 
predicted. When this is added to the knowledge that as the box size increases the FWHM values decrease. It can 
be said that as the box gets smaller the measurement gets more accurate but less precise. 
Box Details     FWHM (01) FWHM (10) 
Area Height Width g d S01 S10 
(°) (mm-1) (°) (mm-1) 
(mm2) (Tow Widths) 
(Tow 
Widths) (°) (°) (mm) (mm) 
16 2.0 2.0 148.0 116.5 1.7 2.1 30.3 0.32 35.4 0.32 
64 4.0 4.0 153.4 115.8 1.8 2.0 22.2 0.16 16.3 0.16 
144 6.0 6.0 176.9 94.0 2.0 2.0 8.8 0.10 11.3 0.11 
256 8.0 8.0 190.0 80.4 2.0 2.0 6.3 0.09 9.4 0.08 
400 10.0 10.0 190.6 80.3 2.0 2.0 6.3 0.08 7.4 0.08 
576 12.0 12.0 191.0 79.9 2.0 2.0 4.4 0.06 5.3 0.06 
 
Of key interest here is the correct identification of the gamma and delta values, which 
are predicted to be 147.9° and 122.1° respectively. Figure 142 shows that for both 
gamma and delta the smaller the box, the closer the value to the predicted. When this 
is added to the knowledge that as the box size increases the FWHM values decrease. It 
can be said that as the box gets smaller the measurement gets more accurate but less 
precise. 
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Figure 142: For the simulated in-plane waviness in the 2x2 twill weave the gamma and delta values are predicted 
to be 147.9° and 122.1° respectively. Here their calculated values from LaunchNDT are plotted against the 
computational box size (in terms of fibre tow width). For the gamma angle (left) only the smallest size of 
computational box yields the predicted value; for the delta angle (right) none of the computational box sizes yield 
the predicted value (although the smallest two box sizes give the results closest to the predicted).  
 
5.3.1.2 Rectangular	box	on	distorted	weave	
It is possible that the trade-off between small box size required for high accuracy in 
measuring the (01) angle in the waviness and large box size required for high precision 
could be accomplished better by using a rectangular box where the optimum width and 
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height are determined against different criteria. The above analysis suggests that the 
accuracy increases as width (along the wavy tows) decreases but that there is a 
minimum width dictated by the fibre-tow width and a maximum limited by the waviness 
wavelength. The precision improves as the box height increases but it has a maximum 
dictated by the extent of the wavy region and a minimum dictated by the fibre-tow 
width and pixel size. Figure 143, Figure 144 and Figure 145 show the results from varying 
the rectangle width and height sizes. 
 
 
Figure 143: A simulated 2x2 twill weave (fibre tow width of 2mm) with in-plane waviness has been analysed with 
a variety of computational box sizes where width ¹ height. From top to bottom, starting at top left the 
computational boxes measure 2.0 x 8.0, 8.0 x 2.0, 4.0 x 8.0, 8.0 x 4.0, 6.0 x 8.0 and 8.0 x 6.0 (in fibre tow widths). It 
is possible that the trade-off between small box size required for high accuracy in measuring the (01) angle in the 
waviness and large box size required for high precision could be accomplished better by using a rectangular box 
where the optimum width and height are determined against different criteria. The precision cab be seen to 
improve as the box height increases. The line plots at the top of the spatial frequency vs. angle plots are 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
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Figure 144: A simulated 2x2 twill weave (fibre tow width of 2mm) with in-plane waviness has been analysed with 
a variety of computational box sizes where width ¹ height. From top to bottom, starting at top left the 
computational boxes measure 2.0 x 10.0, 10.0 x 2.0, 4.0 x 10.0, 10.0 x 4.0, 6.0 x 10.0 and 10.0 x 6.0 (in fibre tow 
widths). It is possible that the trade-off between small box size required for high accuracy in measuring the (01) 
angle in the waviness and large box size required for high precision could be accomplished better by using a 
rectangular box where the optimum width and height are determined against different criteria. The precision cab 
be seen to improve as the box height increases. The line plots at the top of the spatial frequency vs. angle plots are 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
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Figure 145: A simulated 2x2 twill weave (fibre tow width of 2mm) with in-plane waviness has been analysed with 
a variety of computational box sizes where width ¹ height. From top to bottom, starting at top left the 
computational boxes measure 2.0 x 12.0, 12.0 x 2.0, 4.0 x 12.0, 12.0 x 4.0, 6.0 x 12.0 and 12.0 x 6.0 (in fibre tow 
widths). It is possible that the trade-off between small box size required for high accuracy in measuring the (01) 
angle in the waviness and large box size required for high precision could be accomplished better by using a 
rectangular box where the optimum width and height are determined against different criteria. The precision cab 
be seen to improve as the box height increases. The line plots at the top of the spatial frequency vs. angle plots are 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
Table 31 documents the results of the variation in rectangle size (the same size 
rectangles as used on the pristine weave). It should be noted that some variations of 
rectangles concluded in the incorrect identification of the weave. As before, gamma and 
delta can be predicted to be 147.9° and 122.1° respectively. 
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Table 31: The computational box which is seen on the ultrasonic C-scan within LaunchNDT has been varied in size 
in order to see the effect on the results returned; including two fundamental angles of gamma (rotation) and delta 
(distortion). Also calculated are the spacing for the warp and weft tows (S10 and S01 respectively) and the full width 
half maximum (FWHM) in terms of angle and spatial frequency for both warp and weft. The simulated weave is a 
2x2 twill with fibre tow width of 2mm with in-plane waviness. They key to the left indicates where the weave 
classifier identified the weave incorrectly. The calculation of gamma and delta are closest to the predicted value at 
either end of the ratio spectrum (i.e. when the ratio of rectangle width to height is either small or large). This 
indicates that the correct identification happens when the width is furthest from the height. In this instance the 
rectangles 2.0 x 12.0 and 12.0 x 2.0. However, both of these rectangles result in the incorrect identification of the 
weave. 
Box Details Width 
divided 
by 
height 
    FWHM (01) FWHM (10)    
Area Height Width g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
)    
(mm2) (Tow Widths) 
(Tow 
Widths) (°) (°) (mm) (mm) 
  
64 2 8 4.00 150.5 120.7 1.8 2.1 25.4 0.33 8.3 0.37   
128 4 8 2.00 157.0 114.2 1.8 2.0 14.2 0.16 9.3 0.17   
192 6 8 1.33 176.7 93.7 2.0 2.0 9.1 0.11 9.4 0.11   
64 8 2 0.25 146.4 123.6 2.0 2.1 24.5 0.37 31.4 0.31    
128 8 4 0.50 9.8 79.6 1.9 2.0 6.2 0.17 16.3 0.17   3x3 Twill 
192 8 6 0.75 9.7 81.4 1.9 2.0 6.3 0.11 11.2 0.11   Plain 
80 2 10 5.00 150.8 120.0 1.8 2.1 24.2 0.32 7.4 0.31    
160 4 10 2.50 157.3 113.6 1.8 2.0 14.2 0.16 7.4 0.17    
240 6 10 1.67 176.9 94.3 2.0 2.0 8.4 0.11 9.3 0.11    
80 10 2 0.20 147.6 122.0 2.0 2.0 26.5 0.38 35.6 0.30    
160 10 4 0.40 11.1 79.0 2.0 2.0 6.2 0.19 17.4 0.18    
240 10 6 0.60 10.8 80.0 2.0 2.0 6.4 0.11 11.3 0.11    
96 2 12 6.00 150.8 120.1 1.8 2.0 24.5 0.33 6.1 0.32    
192 4 12 3.00 157.0 113.8 1.8 2.0 14.3 0.16 5.2 0.17    
288 6 12 2.00 176.7 94.2 2.0 2.0 8.5 0.11 5.2 0.11    
96 12 2 0.17 147.5 122.1 1.9 2.0 26.4 0.38 35.5 0.29    
192 12 4 0.33 11.0 79.3 1.9 2.0 5.2 0.18 16.5 0.17    
288 12 6 0.50 11.0 80.1 2.0 2.0 4.4 0.12 11.4 0.12    
 
Figure 146 demonstrates that the calculation of gamma and delta are closest to the 
predicted value at either end of the ratio spectrum (i.e. when the ratio of rectangle width 
to height is either small or large). This indicates that the correct identification happens 
when the width is furthest from the height. In this instance the rectangles 2.0 x 12.0 and 
12.0 x 2.0. However, both of these rectangles result in the incorrect identification of the 
weave. 
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Figure 146: For the simulated in-plane waviness in the 2x2 twill weave the gamma (top) and delta (bottom) values 
are predicted to be 147.9° and 122.1° respectively. Here their calculated values from LaunchNDT are plotted against 
the ratio of the width to height (in fibre tow widths) of the computational box sizes when width ¹ height. The 
values of gamma and delta calculated from LaunchNDT are closest to the predicted value at either end of the ratio 
spectrum (i.e. when the ratio of rectangle width to height is either small or large). This indicates that the correct 
identification happens when the width is furthest from the height. In this instance the rectangles 2.0 x 12.0 and 
12.0 x 2.0. However, both of these rectangles result in the incorrect identification of the weave. The values seen at 
ratio of 2.0, 2.5 and 3.0 can be said to be the closest to the predicted values of gamma and delta whilst also ensuring 
correct identification of the weave; these equate to the rectangles of 4.0 x 8.0, 6.0 x 12.0, 4.0 x 10.0 and 4.0 x 12.0. 
 
The three most extreme points at either end can be negated due to incorrect 
identification of the weave. Once these have been removed, the values seen at ratio of 
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2.0, 2.5 and 3.0 can be said to be the closest to the predicted values of gamma and delta. 
These equate to the rectangles of 4.0 x 8.0, 6.0 x 12.0, 4.0 x 10.0 and 4.0 x 12.0.  
5.3.2 Summary	of	angular-accuracy	dependence	
Whilst the square computational boxes clearly showed a trend towards the predicted 
angles of gamma and delta as the computational box size decreased; the trend is not so 
obvious for rectangular boxes. This is owing to the ratio between the width and height. 
If this ratio was at the extreme (very small or very large) the weave was identified 
incorrectly. When the ratio was between 2.0 and 3.0 this provided the most accurate 
results. 
 
It could be said that a measure of the angular accuracy is how close the gamma and 
delta angles are to their predicted values. Table 32 shows the difference between the 
expected value and the simulated value for delta when both the pixel size and box size 
have been varied. 
 
Table 32: A measure of the angular accuracy is how close the gamma and delta angles are to their predicted values. 
Here, the difference between the expected value and the simulated value for delta when both the pixel size and 
box size have been varied is shown. (both in terms of fibre tow width). The results are for a simulated 2x2 twill 
weave with fibre tow width of 2mm. The key to the left indicates where the automated weave classifier has 
returned an incorrect weave. Taking the 2.0 box size as an example,  the 0.20 pixel (in terms of tow widths) 
produces the value closest to the predicted. The 2.0 and 4.0 boxes viewed with the 0.25 pixel (in terms of tow 
widths) produce very different results in terms of the most accurate for that box size when viewed against the 
other pixel sizes. This would seem to suggest that both box size and pixel size have an effect but not necessarily in 
a predictable way. 
122.1 - Delta (°) 
Square box size / Tow width    
2.0 4.0 6.0 8.0 10.0 12.0    3x3 Twill 
Pi
xe
l S
ize
/T
ow
 W
id
th
 
0.05 7.3 7.2 28.0 40.9 41.8 41.8    2x3 Basket 
0.10 5.6 6.3 28.1 41.7 41.8 42.2    Plain 
0.15 10.1 4.1 28.1 41.2 41.9 42.4    7HS, O4 
0.20 0.3 1.5 28.2 41.6 41.8 42.4    
0.25 0.9 11.0 27.6 41.2 42.2 42.4    
0.30 0.7 1.2 30.4 41.1 42.0 42.1    
 
The data from Table 32 is displayed in the contour plot seen in Figure 147. The plot 
shows that the most accurate is the 2.0 box for any of the pixel sizes and the least 
accurate are box sizes above 8.0 fibre tows. However, this is a slightly simplistic view; 
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when viewed in conjunction with Table 32, the pixel size can be seen to have more of an 
effect than perhaps indicated in the contour plot. Taking the 2.0 box size as an example,  
the 0.20 pixel (in terms of tow widths) produces the value closest to the predicted. The 
2.0 and 4.0 boxes viewed with the 0.25 pixel (in terms of tow widths) produce very 
different results in terms of the most accurate for that box size when viewed against the 
other pixel sizes. This would seem to suggest that both box size and pixel size have an 
effect but not necessarily in a predictable way. 
 
Figure 147: A contour plot is shown for the computational box width (in terms of fibre tow widths) and the pixel 
width (in terms of fibre tow width) with the series defined as the difference between the predicted delta value 
(122.1°) and the value output from LaunchNDT during the analysis of a simulated 2x2 twill weave (fibre tow width 
of 2mm) with in-plane waviness. The plot shows that the most accurate is the 2.0 box for any of the pixel sizes and 
the least accurate are box sizes above 8.0 fibre tows. However, this is a slightly simplistic view and should be viewed 
with Table 32.  
 
Finally, it can be said that a rectangular box is seen to affect the (01) and (10) results 
owing to more data in the orientation of the longest side. Ultimately the use of the 
rectangular box could be seen to be a compromise if the waviness is known and 
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understood; this would allow the width and the height of the box to be set accordingly 
to reflect the orientation of the wave. 
5.4 Discussion	&	Summary.	
Within this chapter, simulations of weave and in-plane waviness were created in 
LaunchNDT to determine any trends in resolution (or precision) and accuracy of the tow 
orientation measurement, when determining any distortion within the weave. Both 
computational box sizes and pixel sizes have been investigated (using fibre tow widths 
as the comparable unit) and it has been shown that the angular resolution improves as 
the pixel size decreases and the box size increases. 
 
For those situations where there is non-wavy distortion (i.e. a very long wavelength) the 
computational box can be both square and large (over eight times the fibre tow width). 
The minimum box size is dictated by both the fibre tow width of the fabric and the pixel 
size. With a width of 2.0 fibre tow width and pixel size of 0.10 (fibre tow widths) deemed 
as not being suitable. 
 
However, when understanding the angular accuracy for waviness, this is dependent on 
the box width; specifically, in the direction of the wavy tows. It is the box size with 
relation to the wavelength of the waviness and the fibre tow width. In terms of the 
height and the width of the box; 
 
• the maximum box width is limited by the wavelength of the waviness (assuming 
the width is indicative of the direction of the wave). For the simulated 
wavelength of 20mm the ideal box width is seen to be 0.4 wavelengths. 
• the minimum box width is dictated heavily by the fibre tow width and to a 
smaller extent, the pixel size. 
• the minimum box height (when looking along the straight tows – remembering 
only one set of tows is simulated as wavy) is dictated by the perpendicular extent 
of the wavy region, the fibre tow width and again, to a smaller extent, pixel size. 
 
Ultimately there is a trade-off which needs to be considered between smaller boxes (for 
high accuracy) and larger boxes (for high precision). Square boxes would have the same 
accuracy and precision in both the x- and y-directions. A rectangular box, however, 
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offers some flexibility. They can be smaller in a required direction (higher accuracy) and 
larger in the other direction (higher precision). The caveat to this is that the orientation 
of the waviness needs to be known in order to decide what side needs to be longer. 
 
The implementation of a rectangular box for situations when the waviness direction is 
unknown, is that it is going to have an unknown accuracy or precision so it is best to use 
a square box in these cases. The ideal would be a recommendation which includes a 
maximum pixel size and an optimum square box size based on the fibre tow width and 
the minimum likely waviness wavelength. Results presented within this chapter suggest 
that a square box of approximately eight fibre-tow widths would be the optimum to 
detect any defects; provided that the waviness wavelength is greater than ten fibre-tow 
widths. 
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6. Developed	Methods	in	Action	
The chapters thus far have focused mainly on simulated data of a 2x2 twill weave, which 
have corresponded with the sample RSW3. So far, good correlation has been shown 
between the simulated variables and those seen when analysing the sample. This 
chapter now explores the developed methods further with the evaluation of a much 
larger selection of samples. The samples are described first before testing is 
documented. 
6.1 Sample	Information	
The details of the samples which are referred to throughout this chapter can be seen in 
Table 33. They vary in weave type, material and defects present. The difference between 
a rough and smooth surface can be seen in section ‘6.2.4 Effect of Surface Roughness 
(RSW Samples)’. 
Table 33: Details including fibre tow width and lay-up angle are listed for the manufactured samples used through 
this thesis. Note: all samples were specially made for this work by Renault Sport Racing.  
Name Weave (CF unless stated) 
Total 
Thickness 
(mm) 
No. 
of 
Plies 
Fibre 
Tow 
Width 
(mm) 
Angle 
(°) 
Back 
Surface 
Finish 
Known 
Defects 
RSW1 Plain 0.78 8 3.3 0/90 Smooth None 
RSW2 Plain 0.78 8 3.3 0/90 Rough None 
RSW3 2x2 Twill 1.75 8 2.23 0/90 Smooth None 
RSW4 2x2 Twill 1.75 8 2.23 0/90 Rough None 
RSW5 5HS, O2 2.55 8 3.6 0/90 Smooth None 
RSW6 5HS, O2 2.55 8 3.6 0/90 Rough None 
S5 
5HS, O2 
2.75 
7 1.5 0/90 
Smooth None 2x2 Twill (GF) 1 2.3 0/90 
UD 3  90 
SA 
5HS, O2 (6k) 
5.25 
6 1.6 0/90  
& 
±45 
Smooth None 2x2 Twill 6 2.4 
5HS, O2 (12k) 6 3.4 
SB 
5HS, O2 (6k) 
5.38 
6 1.6 0/90  
& 
±45 
Smooth In-plane shear 2x2 Twill 6 2.4 5HS, O2 (12k) 6 3.4 
SC 
5HS, O2 (6k) 
5.38 
6 1.6 0/90  
& 
±45 
Smooth In-plane waviness 2x2 Twill 6 2.4 5HS, O2 (12k) 6 3.4 
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It should also be noted here that SA, SB, and SC are comprised of the following three 
different weaves [labelled (Ⓐ), (Ⓑ) and (Ⓒ) for ease]. Further information is also shown 
in Table 34. 
 
Ⓐ - Carbon fibre five harness satin, offset two (with 6k fibre tows), 0.31mm ply 
spacing and tow width of 1.6mm.  
Ⓑ - Carbon fibre 2x2 twill weave, 0.23mm ply spacing and tow width of 2.4mm. 
Ⓒ - Carbon fibre five harness satin, offset two (with 12k fibre tows), 0.33mm ply 
spacing and tow width of 3.4mm. 
 
Table 34: Details, including the ply spacing and predicted resonant frequency (Res. Freq.) of the three weave types 
used in the manufacture of samples SA, SB and SC. Each sample (SA, SB and SC) contains all three of these weave 
types. 
 Weave type Fibres per tow 
Ply 
Spacing 
Res. 
Freq. Tow width Sp. Freq. 
Ⓐ Five harness satin, 
offset two 6K 0.31 mm 4.8 MHz 1.6 mm 0.63 mm
-1 
Ⓑ 2x2 twill 12K 0.23 mm 6.6 MHz 2.4 mm 0.42 mm-1 
Ⓒ Five harness satin, 
offset two 12K 0.33 mm 4.5 MHz 3.4 mm 0.29 mm
-1 
 
Table 35 shows that the lay-up cycles through the above weaves Ⓐ, Ⓑ and Ⓒ initially 
changing every ply, before changing every two and then every three.  
Table 35: The lay-up of samples SA, SB and SC is shown here; it cycles through the use of weaves types Ⓐ (five 
harness satin, offset two, 6k fibres), Ⓑ (2x2 twill) and Ⓒ (five harness satin, offset two, 6k fibres).  
Ply 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Weave Ⓐ Ⓑ Ⓒ Ⓐ Ⓐ Ⓑ Ⓑ Ⓒ Ⓒ Ⓐ Ⓐ Ⓐ Ⓑ Ⓑ Ⓑ Ⓒ Ⓒ Ⓒ 
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6.2 Weave	Classification	
As mentioned in the introduction to this chapter (‘6 Developed Methods in Action’), the 
main focus so far has been a 2x2 Twill weave. This coming section (‘6.2 Weave 
Classification’) focuses on the weave classification of three different individual weave 
samples as well as the mixed weave samples identified above (Table 33). There will also 
be an investigation into the effect of depth and surface roughness on the previously 
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presented methods of weave classification (presented in ‘4 2D Weave Classification; 
Inversion Processes’) . Unless specifically mentioned otherwise, the results are taken 
from the front (top ply) of the sample. 
6.2.1 Singular	Weave	Type	(RSW	Samples)	
6.2.1.1 RSW1	–	Plain	Weave	
Plain weave is arguably the simplest of any 2D woven fabric, and in this instance has a 
nominal fibre tow width of 3.3mm (as seen in Table 33). Firstly, the sample RSW1 has 
been analysed, the results can be seen in Figure 148 and the key variables have been 
tabulated in Table 36. The automated weave classification is shown top left; correctly 
identifying sample RSW1 as a plain weave. The weave classifier gives a weave type, 
details such as whether a twill weave is a 2x2 or a 3x3 and finally a classification factor. 
The highest number given for the classification factor indicates that this is the suggested 
weave.  The spatial frequency vs. angle plot is presented at the bottom and the front 
surface C-Scan is presented top right. The C-scan also incorporates the corresponding B-
scan at the same location (indicated by the cross hairs); where the B-scan is the strip at 
the top of the C-scan. It should be noted here that the spacing values of S01 and S10 have 
been correctly measured as being 3.2mm, and is correctly identified as a plain weave. 
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Figure 148: Sample RSW1 (Plain Weave with fibre tow width of 3.3mm) was scanned with a 5MHz ultrasonic probe 
and the data from the front surface is presented here. The automated weave classification is shown top left; 
correctly identifying sample RSW1 as a plain weave. The weave classifier gives a weave type, details such as 
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whether the twill weave is a 2x2 or a 3x3 and finally a classification factor. The highest number given for the 
classification factor indicates that this is the suggested weave.  The spatial frequency vs. angle plot is presented at 
the bottom and the front surface C-Scan is presented top right. The C-scan also incorporates the corresponding B-
scan at the same location (indicated by the cross hairs); where the B-scan is the strip at the top of the C-scan. The 
line plot at the top of the spatial frequency vs. angle plot is representative of the spots on the main plot. The peaks 
can be seen at the angle of the spots and the height of the peaks represent the brightness of the spot; the higher 
the peak, the brighter the spot. 
 
Table 36: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample RSW1 scanned with a 5MHz ultrasonic probe from the front 
surface is presented here. Where the full width half maximum (FWHM) for both angle (°) and spatial frequency 
(mm-1) is also presented for both (01) and (10) locations on the spatial frequency vs. angle plots. 
Sample Details 
    
FWHM 
(01) 
FWHM  
(10) 
Sample Location (Depth) Identified 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
Plain FS Plain 181.5 90.9 3.2 3.2 9.1 0.06 9.4 0.06 
 
In Figure 149, a simulated plain weave is compared to the results of RSW1. Perhaps most 
notable in the analysis of this weave is that there are no weave characteristics, as seen 
in more complex weaves. There is some ‘shading’ in the results for RSW1 but it is 
expected that this is due to noise within the sample’s data.  
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Figure 149: A comparison is shown here of a simulated plain weave with fibre tow width of 3.3mm (top row) and 
the front surface data of sample RSW1, also a plain weave with fibre tow width of 3.3mm (bottom row). It can be 
seen that in both instances the weaves are correctly identified as plain weaves, in the automated weave classifier 
(left hand side). It should be noted that for the spacing calculation (shown as S01 and S10 underneath the spatial 
frequency vs. angle plots) the simulated weave identifies both spacings as 3.3mm, but the results from sample 
RSW1 are 3.2mm. The line plots at the top of the spatial frequency vs. angle plots are representative of the spots 
on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the 
brightness of the spot; the higher the peak, the brighter the spot. 
 
6.2.1.2 RSW3	–	2x2	Twill	
As documented in Table 33, RSW3 has a fibre tow width of 2.23mm and is made of eight 
layers of 0°/90° orientated 2x2 twill weave. Figure 150 shows the results when RSW3 
has been analysed using LaunchNDT and Table 37 identifies the key variables. 
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Figure 150: Sample RSW3 (2x2 twill weave with fibre tow width of 2.23mm) was scanned with a 5MHz ultrasonic 
probe and the data from the front surface is presented here. The automated weave classification is shown left; 
correctly identifying sample RSW3 as a 2x2 twill weave. The spatial frequency vs. angle plot is presented in the 
middle and the front surface C-Scan is presented right. The line plot at the top of the spatial frequency vs. angle 
plot is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height 
of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
Table 37 shows that not only is the correct weave identified but so are both the spacing 
values of S01 and S10 and the gamma and delta values.  
 
Table 37: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample RSW3 scanned with a 5MHz ultrasonic probe from the front 
surface is presented here. Where the full width half maximum (FWHM) for both angle (°) and spatial frequency 
(mm-1) is also presented for both (01) and (10) locations on the spatial frequency vs. angle plots. 
Sample Details 
    
FWHM 
(01) 
FWHM  
(10) 
Sample Location (Depth) Identified 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
2x2 Twill FS 2x2 Twill 180.6 91.1 2.2 2.2 8.5 0.07 10.2 0.08 
 
Figure 151 highlights the correlation between the simulated 2x2 twill weave and RSW3. 
In terms of weave classification, the three key weave characteristics at 45°, 110° and 
165° can clearly be seen in both spatial frequency vs. angle plots.  
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Figure 151: A comparison is shown here of a simulated 2x2 twill weave with fibre tow width of 2.23mm (top row) 
and the front surface data of sample RSW3, also a 2x2 twill weave with fibre tow width of 2.23mm (bottom row). 
It can be seen that in both instances the weaves are correctly identified as 2x2 twill weaves, in the automated 
weave classifier (left hand side). The line plots at the top of the spatial frequency vs. angle plots are representative 
of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent 
the brightness of the spot; the higher the peak, the brighter the spot. 
 
6.2.1.3 RSW5	–	Five	Harness	Satin,	Offset	Two	
The data collected from the analysis of RSW5 is presented in Table 38. In this instance, 
whilst the weave is identified correctly (alongside acceptable results for gamma and 
delta), S01 and S10 are measured as 3.4 mm and 3.6 mm respectively, whilst the nominal 
value was expected to be 3.6 mm. However, this has not had an adverse effect on the 
correct identification of the weave. This is because the spacing is not related to the 
weave characteristics. 
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Table 38: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample RSW5 scanned with a 5MHz ultrasonic probe from the front 
surface is presented here. Where the full width half maximum (FWHM) for both angle (°) and spatial frequency 
(mm-1) is also presented for both (01) and (10) locations on the spatial frequency vs. angle plots. 
Sample Details 
    
FWHM 
(01) 
FWHM  
(10) 
Sample Location (Depth) Identified 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
5HS, O2 FS 5HS, O2 181.5 89.7 3.4 3.6 8.5 0.06 9.4 0.05 
 
Figure 152 shows the pictorial results from the analysis of RSW5 and the five harness 
satin, offset two weave can clearly be seen in the C-scan image on the right-hand side.  
 
 
 
Figure 152: Sample RSW5 (five-harness satin, offset two weave with fibre tow width of 3.6mm) was scanned with 
a 5MHz ultrasonic probe and the data from the front surface is presented here. The automated weave classification 
is shown left; correctly identifying sample RSW5 as a five-harness satin, offset two weave. The spatial frequency 
vs. angle plot is presented in the middle and the front surface C-Scan is presented right. The line plot at the top of 
the spatial frequency vs. angle plot is representative of the spots on the main plot. The peaks can be seen at the 
angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter 
the spot. 
 
When comparing this to the simulated data, as shown in Figure 153, the C-scan images 
can be seen to show good correlation of the weave image. A five harness satin, offset 
two weave has four weave characteristics; 20°, 65°, 110° and 155°. The comparison 
shows that the 20° and 155° are similar in experimental and simulated data. However, 
the M=4 weave characteristic sub-harmonic at ¼ of the (-2 1) lattice line (at 65°) is 
missing from RSW5 data and the 110° is significantly ‘weaker’ in the simulated data than 
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the RSW5 data. Therefore, it may well be that when analysing real data, the 110° weave 
characteristic is more important. Despite these slight differences, both the simulated 
data and the front surface of RSW5 identify a five harness satin, offset two weave. 
 
 
Figure 153: A comparison is shown here of a simulated five-harness satin, offset two weave with fibre tow width 
of 3.6mm (top row) and the front surface data of sample RSW3, also a five-harness satin, offset two weave with 
fibre tow width of 3.6mm (bottom row). It can be seen that in both instances the weaves are correctly identified 
as five harness satin, offset two weaves in the automated weave classifier (left hand side). The line plots at the top 
of the spatial frequency vs. angle plots are representative of the spots on the main plot. The peaks can be seen at 
the angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the 
brighter the spot. 
 
It should be noted here that the automated classification algorithm cannot distinguish 
between warp and weft tows and the dominant tows in any image could be either of 
these. This becomes an issue with a satin weave because the offset is different relative 
to the warp than relative to the weft and orientations can further confuse matters. Thus, 
for a five harness satin weave, an offset of two relative to dominant horizontal tows 
would become an offset of three if the ply were flipped over left-to-right, or effectively 
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reflected in a vertical plane. In addition, if vertical tows were dominant in the image, 
then two or three could be chosen as the likely offset. 
 
An attempt has been made in the automated classification algorithm to distinguish 
between the dominant tows being assigned to (01), which will be when they are close 
to horizontal in the image, and assigned to (10) when close to vertical. There will be a 
‘+’ sign before the ‘5 harness’ in the former case and a ‘-‘ sign in the latter case. 
 
For the purposes of the analysis in ‘Developed Methods in Action’, all of the following 
cases will be regarded as identical: ‘+5 harness offset 2’, ‘-5 harness offset 2’, ‘+ 5 
harness, offset 3’ and ‘-5 harness offset 3’, as shown in Figure 154 below. 
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Figure 154: From top to bottom the simulated weaves shown here are as follows; five-harness satin, offset two at 
0°, five-harness satin, offset two at 90°, five-harness satin, offset two at 0° reflected in the vertical plane and fibre-
harness satin, offset two at 90° reflected in the vertical plane. It is the results shown in the automated weave 
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classifier which are of interest here (shown on the left hand side), from top to bottom as follows; ‘+5 harness offset 
2’, ‘-5 harness offset 2’, ‘+ 5 harness, offset 3’ & ‘-5 harness offset 3’.  This effectively means that despite the same 
weave being simulated, depending in its orientation, it can be identified as one of four weave options. For the 
purposes of the analysis here, all of the following cases will be regarded as identical: ‘+5 harness offset 2’, ‘-5 
harness offset 2’, ‘+ 5 harness, offset 3’ and ‘-5 harness offset 3’. The line plots at the top of the spatial frequency 
vs. angle plots are representative of the spots on the main plot. The peaks can be seen at the angle of the spots 
and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
 
6.2.1.4 Summary	of	Singular	Weave	Analysis	
The analysis of RSW1, RSW3 and RSW5 has shown good correlation between the 
simulated data and the results from samples made of the associated weaves. It has also 
shown that the capability exists within the software to analyse real samples. Perhaps of 
particular interest is the analysis of RSW3; looking at the C-scan data (Figure 151) it 
would appear that the warp fibres are approximately at 100°. However, the analysis 
exports a result of 90° for (10) which corresponds with the visual image of the top 
surface of the physical sample itself; the warp tows are indeed orientated at 90°, 
therefore confirming the ability of LaunchNDT. It is thought that the 100° seen in the C-
scan are down to an optical illusion.  
 
It should be remembered that at this juncture, it is only the front surfaces of the samples 
which have been analysed and compared to the simulated data; the front surface is 
arguably the strongest signal with no effect from noise. 
6.2.2 Multiple	Weave	Types	(SA	and	S5)	
Two samples are analysed in this section (‘6.2.2 Multiple Weave Types (SA and S5)’), SA 
(three different weaves of woven carbon fibre) and S5 (woven carbon fibre, woven glass 
fibre and uni-directional carbon fibre). Sample SA was scanned with ply 18 (Table 35) at 
the front surface. 
6.2.2.1 Analysis	of	SA	
As shown in ‘6.1 Sample Information’, SA contains plies of three different materials, with 
three different fibre tow widths and ply spacings. In order to analyse the sample fully, 
this section (‘6.2.2.1 Analysis of SA’) is split into the different weave types; this is owing 
to the need to input the fibre tow width into LaunchNDT and to scan at the resonance 
frequency of the plies being analysed. The consolidated thickness of the individual plies 
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are also known and as such, the location of the different weaves is known and can be 
investigated. The lay-up of this sample can be seen in Table 35.  
 
Each ply has either a different weave type or a different orientation to its adjacent plies, 
so this is a challenging sample to analyse. Data was acquired using both a 5MHz probe 
and a 7.5MHz probe; this takes into account the different resonance frequencies of the 
three different weaves (Table 34). So, it is expected that materials Ⓐ and Ⓒ will 
resonate best with the 5MHz probe and material Ⓑ with the 7.5MHz probe.  
 
These two probes had a 1.5-inch (38mm) focal length but the focal spot size will be 
smaller for the 7.5MHz probe. Equation 12 suggests that the -6 dB beam-width will be 
approximately the F-number times the wavelength. In this case the F-number is three 
and the wavelength in composite is 0.6mm at 5MHz and 0.4mm at 7.5MHz, giving -6 dB 
beam-widths of 1.8mm for the 5MHz probe and 1.2mm for the 7.5MHz probe. The 
following results confirm that the 5MHz probe could only resolve spatial frequencies of 
0.6mm-1 and below (corresponding to a resolution of 1.7mm), whilst the 7.5MHz probe 
could resolve 1.0mm-1 and below (corresponding to a resolution of 1mm). This is 
important for weave type Ⓐ which has a 1.6mm tow width and needed the 5MHz probe 
scans as the resolution of the ultrasound was only just sufficient to show the tows in the 
spatial-frequency zone with sufficient amplitude for classification. 6.2.2.1.1 Analysis	of	SA	
The results presented in this section (‘6.2.2.1.1 Analysis of SA’) are split into the different 
weaves, allowing for the corresponding use of the 5MHz and 7.5MHz ultrasonic probes. 
Ⓐ - Carbon fibre five harness satin, offset two (with 6k fibre tows) at 5MHzTable 39 
documents the results for the key variables gained from the analysis of the five harness 
satin, offset two weave with 6k fibre tows. The C-scans seen in Figure 155 show the 
three different depths where the analysis has been undertaken. 
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Table 39: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample SA scanned with a 5MHz ultrasonic probe from the front surface 
is presented here. Where the full width half maximum (FWHM) for both angle (°) and spatial frequency (mm-1) is 
also presented for both (01) and (10) locations on the spatial frequency vs. angle plots. Because sample SA has a 
cyclic lay-up there are areas of triple plies of material Ⓐ - Carbon fibre five harness satin, offset two (with 6k fibre 
tows), double plies and single plies; results from these three locations are presented here. 
Sample Details 
    
FWHM 
(01) 
FWHM  
(10) 
W
ea
ve
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(°
) 
Id
en
tif
ie
d  g d 
S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
5HS, 
O2 Triple 0/90 +5HS, O3 174.5 87.9 1.6 1.6 2.1 0.05 3.5 0.04 
5HS, 
O2 Double ±45 -5HS, O3 37.5 100.7 1.6 1.8 4.3 0.05 5.4 0.04 
5HS, 
O2 Single ±45 
3x3 
Basket 135.8 89.2 1.8 2.0 4.3 0.04 5.1 0.04 
 
Table 39 also shows that in this instance, given the equivalence of the different 
configurations of five-harness satin weave (see ‘2D Weave Classification; Inversion 
Processes’), at the two shallower depths the five-harness satin weave was identified 
correctly but in both cases the software identified an offset of three rather than two. It 
should be noted that this difference is just to do with the definition of the axes and 
whether the woven fabric has been turned over, when offset two becomes offset three. 
The deepest ply of this weave type is just a single ply and this could not be detected with 
the correct weave characteristics for a five-harness satin. 
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Figure 155: Some results from the analysis of Sample SA are shown here. Sample SA contains plies of three different 
materials, with three different fibre tow widths and ply spacings; here the five-harness satin, offset two (with 6k 
fibre tows) weave is analysed following investigation with a 5MHz ultrasonic probe. From top to bottom the 
analysis shows the results from a single ply at 0°/90° (at the top of the sample), a single ±45° ply (in the middle of 
the sample) and a single ±45° ply (at the bottom of the sample). Focusing on the automated weave classification 
(on the left hand side) the top and middle analysis shows corrected identification of the weave, whilst the bottom 
(i.e. the deepest through depth of the sample) shows incorrect identification of the weave. The line plots at the 
top of the spatial frequency vs. angle plots are representative of the spots on the main plot. The peaks can be seen 
at the angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the 
brighter the spot. 
 
- 297 - 
 
6.2.2.1.1.1 Ⓑ - Carbon	fibre	2x2	twill	weave	at	7.5MHz	
Figure 156 shows the results from the analysis of the 2x2 twill weave plies, using the 
data acquired with the 7.5MHz probe, which was expected to excite the resonance 
frequency. Using the correct tow width made it possible to find the triple and double-
ply regions and correctly classify them. However, the single ply was deep and although 
the bottom image in Figure 156 probably does show this ply, the 2x2 twill classification 
was only the third likeliest in the classification table. Table 40 shows the results seen in 
Figure 156. 
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Figure 156: Some results from the analysis of Sample SA are shown here. Sample SA contains plies of three different 
materials, with three different fibre tow widths and ply spacings; here the 2x2 twill weave is analysed following 
investigation with a 7.5MHz ultrasonic probe. From top to bottom the analysis shows the results from a single ply 
at 0°/90° (at the top of the sample), a single ±45° ply (in the middle of the sample) and a single 0°/90°  ply (at the 
bottom of the sample). Focusing on the automated weave classification (on the left hand side) the top and middle 
analysis shows corrected identification of the weave, whilst the bottom (i.e. the deepest through depth of the 
sample) shows incorrect identification of the weave. The line plots at the top of the spatial frequency vs. angle 
plots are representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the 
height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
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Table 40: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample SA scanned with a 7.5MHz ultrasonic probe from the front surface 
is presented here. Where the full width half maximum (FWHM) for both angle (°) and spatial frequency (mm-1) is 
also presented for both (01) and (10) locations on the spatial frequency vs. angle plots. Because sample SA has a 
cyclic lay-up there are areas of triple plies of material Ⓑ - carbon fibre 2x2 twill weave, double plies and single 
plies; results from these three locations are presented here. 
Sample Details 
    
FWHM 
(01) 
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(10) 
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(m
m
-1
) 
(°) (°) (mm) (mm) 
2x2 
Twill Triple 0/90 2x2 Twill 0.3 89.9 2.2 2.3 4.6 0.05 4.3 0.04 
2x2 
Twill Double ±45 2x2 Twill 134.7 92.2 2.3 2.2 4.3 0.05 3.2 0.04 
2x2 
Twill Single 0/90 5HS, O2 0.4 88.6 2.2 2.3 4.1 0.05 4.3 0.04 
 6.2.2.1.1.2 Ⓒ - Carbon	fibre	five	harness	satin,	offset	two	(with	12k	fibre	tows)	at	5MHz.	
Table 41 shows the results of the 12k five harness satin, offset two plies, when using a 
setting of 3.4mm fibre tow width.  
Table 41: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample SA scanned with a 5MHz ultrasonic probe from the front surface 
is presented here. Where the full width half maximum (FWHM) for both angle (°) and spatial frequency (mm-1) is 
also presented for both (01) and (10) locations on the spatial frequency vs. angle plots. Because sample SA has a 
cyclic lay-up there are areas of triple plies of material Ⓒ - carbon fibre five harness satin, offset two (with 12k fibre 
tows), double plies and single plies; results from these three locations are presented here. 
Sample Details 
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(°) (°) (mm) (mm) 
5HS, 
O2 Triple 0/90 -5HS, O2 1.0 89.4 3.4 3.6 5.0 0.05 6.4 0.05 
5HS, 
O2 Double 0/90 -5HS, O2 0.4 89.4 3.2 3.6 5.0 0.04 6.5 0.05 
5HS, 
O2 Single ±45 +5HS, O2 135.9 89.1 3.5 3.3 6.3 0.06 7.41 0.05 
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The C-scans seen in Figure 157 show the three different depths where the analysis has 
been undertaken. For all three locations of this particular weave, the results have 
correctly identified a five harness satin, offset two weave. Interestingly, despite the 
corresponding spatial frequency vs. angle plots appearing to be significantly different 
for each depth within the stacking sequence, the correct weave was identified in each 
case.  
 
 
Figure 157: Some results from the analysis of Sample SA are shown here. Sample SA contains plies of three different 
materials, with three different fibre tow widths and ply spacings; here the five-harness satin, offset two weave 
(12k fibre tows) is analysed following investigation with a 5MHz ultrasonic probe. From top to bottom the analysis 
shows the results from a single ply at 0°/90° (at the top of the sample), a single 0°/90° ply (in the middle of the 
sample) and a single ±45° ply (at the bottom of the sample). Focusing on the automated weave classification (on 
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the left hand side) all of the analysis at different depths yield identification of the correct weave. The line plots at 
the top of the spatial frequency vs. angle plots are representative of the spots on the main plot. The peaks can be 
seen at the angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, 
the brighter the spot. 
 6.2.2.1.2 Summary	of	SA	Analysis	
As shown, sample SA has been analysed with both a 5MHz probe and a 7.5MHz probe, 
to accommodate the different ply resonance frequencies. Each of the three different 
materials has a known cured thickness and thus a different resonance frequency, 
requiring 5MHz for weaves Ⓐ and Ⓒ and 7.5MHz for weave Ⓑ (Table 34). However, the 
achievable lateral resolution is dependent on both the focal strength (F-number) and 
the wavelength; the 5MHz probe had a -6 dB beam-width of 1.8 mm, which struggled to 
achieve sufficient resolution for the 1.6mm fibre tows of weave Ⓐ.  
 
The weave classification of this complex specimen was achieved perfectly for all three 
weaves when there were two or three plies together but the single plies at the back of 
the specimen were much more difficult to classify – only weave Ⓒ was classified 
correctly. This was the third ply from the back surface at which depth and amplitude had 
not increased much due to the back-wall echo. Therefore, it is suggested that the back-
wall signal may be causing the inability to classify correctly, rather than the fact that 
these were only single plies.  
6.2.2.2 Analysis	of	S5	
As documented in Table 33, S5 not only has two different weave types but they are of 
two different materials (a five harness satin, offset two in carbon fibre, with 1.5mm  fibre 
tow width, and 2x2 twill in glass fibre, with a 2.3mm fibre tow width). The woven carbon 
fibre plies are thought to be around 0.25mm thick with a 6MHz resonance, so a 5MHz 
probe was used. 
 
Firstly, the woven carbon fibre layers were investigated, with the five harness satin, 
offset two weave, see Figure 158. The weave is identified as a -five harness, offset three 
but the minus sign in front of the five suggests that it is actually an offset two weave 
that has been flipped over. (01) and (10) are highlighted at 40° and 130°, but much 
stronger weave characteristic signals exist at 65° and 155°, as is often the case with a 
satin weave.  
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Figure 158: A single carbon fibre five-harness satin, offset two ply from Sample S5 is shown here. Sample S5 not 
only has two different weave types but they are of two different materials (a five harness satin, offset two in carbon 
fibre, with 1.5mm  fibre tow width, and 2x2 twill in glass fibre, with a 2.3mm fibre tow width). A 5MHz ultrasonic 
probe was used in this instance and the analysis shown here is at 0.9mm depth of the sample. The weave is 
identified as a -five harness, offset three but the minus sign in front of the five suggests that it is actually an offset 
two weave that has been flipped over. (01) and (10) are highlighted at 40° and 130°, but much stronger weave 
characteristic signals exist at 65° and 155°, as is often the case with a satin weave. The line plot at the top of the 
spatial frequency vs. angle plot is representative of the spots on the main plot. The peaks can be seen at the angle 
of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the 
spot. 
The single 2x2 twill glass fibre ply has been investigated, using the knowledge of having 
a 2.3mm fibre-tow width. Figure 159 shows that this has been identified most likely as 
plain weave using the implemented analysis procedure in LaunchNDT with 2x2 twill as 
the next most likely. However, the presence of a very strong signal at (½ ½) suggests that 
the 2x2 twill is most likely correct and the classification software in LaunchNDT probably 
needs to be modified to better distinguish the difference between plain and twill 
weaves. It should be noted that the analysis seems to indicate that the ply is rotated to 
a gamma angle of +20° which is not known to be the designed angle. 
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Figure 159: A single 2x2 twill ply from Sample S5 is shown here. Sample S5 not only has two different weave types 
but they are of two different materials (a five harness satin, offset two in carbon fibre, with 1.5mm  fibre tow width, 
and 2x2 twill in glass fibre, with a 2.3mm fibre tow width). A 5MHz ultrasonic probe was used in this instance. The 
weave is identified incorrectly as a plain weave, but note that it is difficult to tell the difference between a plain 
weave and a 2x2 Twill weave but the strong response at (½ ½) indicates that a 2x2 twill is highly likely. It should be 
noted that the analysis seems to indicate that the ply is rotated to a gamma angle of +20° which is not known to 
be the designed angle. The line plot at the top of the spatial frequency vs. angle plot is representative of the spots 
on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the 
brightness of the spot; the higher the peak, the brighter the spot. 
 
Lastly, the three uni-directional plies of S5 were analysed and were correctly identified 
as being uni-directional. This is confirmed by the presence of only 90° in both the radon 
transform (left) and stacking sequence (middle) of Figure 160. The three plies are 
highlighted with the dotted square box on the stacking sequence plot.  
 
 
 
Figure 160: Results from the analysis of the uni-directional plies present in Sample S5 are shown here; the radon 
transform (left), stacking sequence analysis (middle) and the C-scan of the ply (right). The uni-directional ply is 
confirmed by the 90° signature in the radon transform (left) as well as the stacking sequence (middle). The three 
plies are highlighted with the dotted square box on the stacking sequence plot. 
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6.2.2.3 Summary	of	Multiple	Weave	Analysis	
Two samples containing multiple weaves have been analysed and have yielded 
promising results. Sample S5 resulted in the correct identification of all three weaves 
present but with some confusion between plain and twill weaves which should be 
investigated in terms of the weave-classification algorithm. Sample SA produced 
encouraging results, with successful identification of both five harness satin, offset two 
weaves in all except the back surface ply and with the 2x2 twill being correctly identified 
except for the single ply near the back surface.  
 
In order to achieve these results, it was necessary to tune the input pulse centre 
frequency to the resonance frequency of the plies in question and to input the correct 
tow width to the algorithm. It was also significant that the classification was much more 
difficult when the focal spot size was too large; it needs to be less than the tow width 
for adequate resolution of the weave. 
 
The exercise has shown that multiple weaves within the same sample can be identified 
but, most importantly, this is only possible with the knowledge of the nominal ply 
spacing and fibre tow widths and by using this information to guide the data acquisition 
frequency and focusing, as well as the analysis.  
6.2.3 Effect	of	Depth	(RSW	Samples)	
This section (‘6.2.3 Effect of Depth (RSW Samples)’) looks at the effect of depth alongside 
the implemented analysis solution. It has been proven in ‘Singular Weave Type (RSW 
Samples)’ that the implemented weave classification correctly identifies the weave type 
at the front surface. Here, the weave classification through the depth of RSW1, RSW3 
and RSW5 is analysed; the centre and the back surface are analysed. 
6.2.3.1 RSW1	-	Plain	Weave	
The analysis of sample RSW1 yielded positive results, with all three locations (in terms 
of depth) being correctly identified as a plain weave. As with the previously analysed 
simulated plain weave (Figure 149) , there are no weave characteristics identified, only 
the key angles of (01) and (10).  
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Figure 161: Sample RSW1 (a plain weave with fibre tow width of 3.3mm) has been analysed here through depth; 
the front surface (top image), the middle of the sample in terms of depth (middle image) and the back surface 
(bottom image). The automated weave classification to the left hand side, shows correct identification of a plain 
weave throughout the sample’s depth. The spatial frequency vs. angle plots all show no weave characteristics, as 
is expected for a plain weave. The line plots at the top of the spatial frequency vs. angle plots are representative 
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of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent 
the brightness of the spot; the higher the peak, the brighter the spot. 
The results from Figure 161 are also displayed in Table 42. 
Table 42: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample RSW1 scanned with a 5MHz ultrasonic probe from the front 
surface is presented here. The sample has been scanned at three different depths; the front surface (FS), the middle 
of the sample and the back surface (BS) and all results are presented here. The full width half maximum (FWHM) 
for both angle (°) and spatial frequency (mm-1) is also presented for both (01) and (10) locations on the spatial 
frequency vs. angle plots. 
 
Sample Details 
    
FWHM 
(01) 
FWHM  
(10) 
Sample Location (Depth) Identified 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
Plain FS Plain 181.5 90.9 3.2 3.2 9.1 0.06 9.4 0.06 
Plain Middle Plain 182.6 89.5 3.2 3.1 9.4 0.07 11.3 0.06 
Plain BS Plain 183.2 89.0 3.3 3.2 8.8 0.06 9.1 0.06 
 
6.2.3.2 RSW3	–	2x2	Twill	
Figure 162 shows the results from the three analysed locations of RSW3 (2.23mm tow 
widths); front surface (included for comparison), centre and back surface. The back 
surface, has correctly been identified as 2x2 twill weave. The results are also displayed 
in Table 43. 
Table 43: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample RSW3 scanned with a 5MHz ultrasonic probe from the front 
surface is presented here. The sample has been scanned at three different depths; the front surface (FS), the middle 
of the sample and the back surface (BS) and all results are presented here. The full width half maximum (FWHM) 
for both angle (°) and spatial frequency (mm-1) is also presented for both (01) and (10) locations on the spatial 
frequency vs. angle plots. 
Sample Details 
    
FWHM 
(01) 
FWHM  
(10) 
Sample Location (Depth) Identified 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
2x2 Twill FS 2x2 Twill 180.6 91.1 2.2 2.2 8.5 0.07 10.2 0.08 
2x2 Twill Middle 4HS, O1 180.1 87.4 2.3 2.3 8.0 0.08 8.3 0.08 
2x2 Twill BS 2x2 Twill 179.9 89.6 2.2 2.2 8.3 0.08 9.4 0.09 
 
Perhaps of most interest is the incorrect identification of the weave in the middle of the 
sample (in terms of depth). This can be seen to be because of the detected weave 
characteristics. A 2x2 twill has weave characteristics at approximately 45° with Miller 
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indices (½ -½), 110° (¾ ¼) and 160° (¼ ¾); as shown at both the front surface and back 
surface of RSW3. However, the middle of the samples could be argued to have weave 
characteristics at 20° (-¼ ¾) and 70° (-¾ ¼) instead of 110° and 160°, and 135° (½ ½), 
which is weaker than 45° (½ -½). The strong 45° (½ -½) signal has resulted in the incorrect 
identification of the weave as a four harness satin, offset one. Other depths between 
the front and back surfaces were explored and the correct identification of 2x2 twill was 
rare. This, coupled with the difficulty of identifying the 2x2 twill in both the SA and S5 
samples, above, suggest that there is a problem with positive identification of the 2x2 
twill weave due to similarity of the weave characteristics with other weaves like plain 
and 2x2 basket, as well as four harness or six harness satin with an offset of one. 
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Figure 162: Sample RSW3 (a 2x2 twill weave with fibre tow width of 2.23mm) has been analysed here through 
depth; the front surface (top image), the middle of the sample in terms of depth (middle image) and the back 
surface (bottom image). The automated weave classification to the left hand side, shows correct identification of 
a 2x2 twill weave at the samples front and back surfaces; however, the analysis at the centre of the sample results 
in a four-harness satin, offset one weave being suggested. The spatial frequency vs. angle plots all show matching 
weave characteristics for the front and back surfaces; the weave characteristics for the centre of the sample are 
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different hence the difference in suggested weave. The line plots at the top of the spatial frequency vs. angle plots 
are representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of 
the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
6.2.3.3 RSW5	–	Five	Harness	Satin,	Offset	Two	
As with the above samples, RSW5 has been analysed at three locations to understand 
the effect of depth; Table 44 shows the key variables from this analysis. Once again, the 
front and back surfaces have correctly been identified, whilst the middle of the sample 
is incorrectly proposed to be a 3x3 basket weave. 
Table 44: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample RSW5 scanned with a 5MHz ultrasonic probe from the front 
surface is presented here. The sample has been scanned at three different depths; the front surface (FS), the middle 
of the sample and the back surface (BS) and all results are presented here. The full width half maximum (FWHM) 
for both angle (°) and spatial frequency (mm-1) is also presented for both (01) and (10) locations on the spatial 
frequency vs. angle plots. 
Sample Details 
    
FWHM 
(01) 
FWHM  
(10) 
Sample Location (Depth) Identified 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
5HS, O2 FS 5HS, O2 181.5 89.7 3.4 3.6 8.5 0.06 9.4 0.05 
5HS, O2 Middle 3x3 BW 181.8 100.7 3.4 4.3 8.2 0.05 16.5 0.05 
5HS, O2 BS 5HS, O2 183.7 87.6 3.4 3.5 8.5 0.06 9.3 0.05 
 
This incorrect identification again becomes evident when looking at the weave 
characteristics on the spatial frequency vs. angle plots (Figure 163). As discussed in 
6.2.1.36.2.1.3 RSW5 – Five Harness Satin, Offset Two’, the weave characteristics for a 
five harness satin weave are 20°, 110°, 155° and possibly 65°. The front and back surface 
results correspond to this; however, the middle of the sample is very difficult to 
distinguish; arguably there are weave characteristics at 0°, 20°, 95° and 135°. This, 
however, cannot be said with any real conviction. What is slightly clearer is the basket 
weave characteristics discussed in (‘4.2.5.3 Basket Weave’), where M=3 for both (01) 
and (10) which is predominately why this has been identified here as a 3x3 basket 
weave. 
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Figure 163: Analysis results of RSW5 taken from the front surface (top), middle of the sample (centre) and back 
surface (bottom). Sample RSW5 (a five-harness satin, offset two weave with fibre tow width of 3.6mm) has been 
analysed here through depth; the front surface (top image), the middle of the sample in terms of depth (middle 
image) and the back surface (bottom image). The automated weave classification to the left hand side, shows 
correct identification of a five-harness satin, offset two weave at the samples front and back surfaces; however, 
the analysis at the centre of the sample results in a 3x3 basket weave being suggested. The weave characteristics 
are somewhat different to identify which may explain the incorrect identification at the centre of the sample. The 
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line plots at the top of the spatial frequency vs. angle plots are representative of the spots on the main plot. The 
peaks can be seen at the angle of the spots and the height of the peaks represent the brightness of the spot; the 
higher the peak, the brighter the spot. 
6.2.3.4 Summary	of	Effect	of	Depth	
It can be seen from the results analysing the effects of depth of RSW1, RSW3 and RSW5 
that the weave of the front and back surfaces are correctly identified in all instances. 
However, it is only RSW1 where the weave is correctly identified mid-sample. This could 
possibly be due to this sample being the thinnest of the ones analysed. As the thickness 
is increased there will inherently be more noise within the data and this could be the 
reason for the mis-identification of the mid-sample weaves in RSW3 and RSW5.  
 
In addition, it should be noted that the data acquired on these specimens had very low 
signal-to-noise ratio (SNR) in the response from the bulk of the sample and, with 
hindsight, it would have been better to saturate the front and back-surface echoes in 
order to improve the SNR in the bulk of the specimen thickness. 
6.2.4 Effect	of	Surface	Roughness	(RSW	Samples)	
The samples tested up until this point have all had a smooth surface finish, on both the 
front and back surfaces. However, as Table 33 shows, three samples have been 
manufactured with a rough back surface. They have been analysed with the rough 
surface on top and overturned to be analysed with the rough surface on the bottom.  
 
It has been proven in ‘Effect of Depth (RSW Samples)’ that when the sample has a 
smooth front and smooth back surface the system correctly identifies the weave in these 
locations. In order to understand the effect, if any, when one of these surfaces if rough; 
both the front and back surfaces will be analysed here. The difference between a smooth 
and rough surface can be seen in the photographs shown in Figure 164. 
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Figure 164: These are photographs of sample RSW2 and they are designed to show the difference between the 
surfaces labelled ‘smooth’ and ‘rough’. Sample RSW2 is a carbon fibre plain weave and one surface was not covered 
in backing, ensuring that it was rough when cured (this is also true for RSW4 and RSW6).  The top two images show 
sample RSW2 from the side where the smooth surface is pictured top. The bottom two images show a close up of 
the surfaces; the smooth surface is pictured left and the rough surface pictured right. Noticeably the weave can be 
clearly seen as the smooth surface, this is lost as the rough surface. 
6.2.4.1 Rough	Front	Surface	
This section (‘6.2.4.1 Rough Front Surface’) documents the results from the analysis of 
RSW2, RSW4 and RSW6 when their rough surfaces were placed as the front surface for 
the ultrasonic data acquisition. 6.2.4.1.1 RSW2	–	Plain	Weave	
Both the rough front surface and smooth back surface of RSW2 have been incorrectly 
identified; as seen in Figure 165. Remembering that RSW1 and RSW2 differ only in the 
rough surface, there is considerably more noise/spots in the C-scans and spatial 
frequency vs. angle plots of RSW2 when compared to RSW1 (Figure 161). Table 45 
confirms the results from Figure 165. 
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Table 45: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample RSW2 scanned with a 5MHz ultrasonic probe from the front 
surface is presented here. This sample has a rough front surface and a smooth back surface and results are 
presented here from both of those locations. The full width half maximum (FWHM) for both angle (°) and spatial 
frequency (mm-1) is also presented for both (01) and (10) locations on the spatial frequency vs. angle plots. 
Sample Details 
    
FWHM (01) FWHM  (10) 
Sample Location (Depth) Identified 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
Plain FS 7HS, O2 185.9 81.4 3.5 3.5 18.4 0.09 11.3 0.14 
Plain BS 3x3 BW 179.7 91.1 3.2 3.2 8.2 0.06 11.3 0.05 
 
 
 
Figure 165: Sample RSW2 (a plain weave with 3.3mm fibre tow width) has been analysed. Sample RSW2 has a 
rough front surface (the analysis of which is shown top) and a smooth back surface (analysis shown bottom). Both 
surfaces are incorrectly identified through the automated weave classification shown left. This is unsurprising 
considering the number of spots on the spatial frequency vs. angle plots. The line plots at the top of the spatial 
frequency vs. angle plots are representative of the spots on the main plot. The peaks can be seen at the angle of 
the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the 
spot. 
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6.2.4.1.2 RSW4	–	2x2	Twill	
The analysis of RSW4 has potentially shown that a rough front surface does have an 
effect on the weave characterisation. Although the rough front surface itself is correctly 
identified as 2x2 twill weave (as shown in Figure 166 and Table 46), the analysis of the 
back surface yields a result of a four harness satin, offset one. This could be due to the 
effect of the rough surface on the ultrasonic signal itself as it travels through the 
remainder of the sample. 
 
 
Figure 166: Sample RSW4 (a 2x2 twill weave with 2.23mm fibre tow width) has been analysed. Sample RSW4 has 
a rough front surface (the analysis of which is shown top) and a smooth back surface (analysis shown bottom). The 
rough front surface has been correctly identified as a 2x2 twill weave through the automated weave classification 
shown left. However, the smooth back surface has been incorrectly identified as a four-harness satin, offset one. 
The line plots at the top of the spatial frequency vs. angle plots are representative of the spots on the main plot. 
The peaks can be seen at the angle of the spots and the height of the peaks represent the brightness of the spot; 
the higher the peak, the brighter the spot. 
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Table 46: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample RSW4 scanned with a 5MHz ultrasonic probe from the front 
surface is presented here. This sample has a rough front surface and a smooth back surface and results are 
presented here from both of those locations. The full width half maximum (FWHM) for both angle (°) and spatial 
frequency (mm-1) is also presented for both (01) and (10) locations on the spatial frequency vs. angle plots. 
Sample Details 
    
FWHM 
(01) 
FWHM  
(10) 
Sample Location (Depth) Identified 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
2x2 Twill FS 2x2 Twill 181.9 88.4 2.2 2.3 7.7 0.08 9.1 0.07 
2x2 Twill BS 4HS, O1 177.5 95.1 2.3 2.2 7.7 0.09 13.4 0.08 
 6.2.4.1.3 RSW6	–	Five	Harness	Satin,	Offset	Two	
The analysis of RSW6 resulted in positive results of both the front and back surfaces 
being correctly identified as a five harness satin, offset two weave; the results from this 
analysis are confirmed in Table 47. 
Table 47: Results, including fundamental angles, gamma (g) and delta (d) as well as the warp and weft spacing (S10 
and S01 respectively) from the analysis of sample RSW6 scanned with a 5MHz ultrasonic probe from the front 
surface is presented here. This sample has a rough front surface and a smooth back surface and results are 
presented here from both of those locations. The full width half maximum (FWHM) for both angle (°) and spatial 
frequency (mm-1) is also presented for both (01) and (10) locations on the spatial frequency vs. angle plots. 
Sample Details 
    
FWHM 
(01) 
FWHM  
(10) 
Sample Location (Depth) Identified 
g d S01 S10 
(°) 
(m
m
-1
) 
(°) 
(m
m
-1
) 
(°) (°) (mm) (mm) 
5HS, O2 FS 5HS, O2 180.9 90.5 3.4 3.5 8.3 0.05 10.2 0.04 
5HS, O2 BC 5HS, O2 181.6 87.4 3.7 3.5 7.9 0.06 11.1 0.05 
 
Figure 167 shows that whilst the weaves of the front and back surfaces are identified as 
being the same, the spatial frequency vs. angle plots are subtly different. The results for 
the front surface show the strongest weave characteristic at 20°, whilst those for the 
back surface show the strongest at 65° (previously noted as more usually being found in 
simulated data – in ‘4.2.5.5 Five-Harness Satin Weave’). 
 
- 316 - 
 
 
 
Figure 167: Sample RSW6 (a five-harness satin, offset two weave with 3.6mm fibre tow width) has been analysed. 
Sample RSW6 has a rough front surface (the analysis of which is shown top) and a smooth back surface (analysis 
shown bottom). The rough front surface has been incorrectly identified as a six-harness satin, offset two weave 
through the automated weave classification shown left. However, the smooth back surface has been correctly 
identified as a five-harness satin, offset two. The line plots at the top of the spatial frequency vs. angle plots are 
representative of the spots on the main plot. The peaks can be seen at the angle of the spots and the height of the 
peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
6.2.4.2 Rough	Back	Surface	
This section (‘6.2.4.2 Rough Back Surface’) documents the results from the analysis of 
RSW2, RSW4 and RSW6 when their rough surface was placed as the back surface for the 
ultrasonic data acquisition.  6.2.4.2.1 RSW2	–	Plain	Weave	
Figure 168 shows the results from the analysis of RSW2; both the front surface and the 
rough back surface are correctly identified as a plain weave. Interestingly, both have 
been identified as being orientated at ±45°. This is not the case in reality as they are at 
0°/90°. There could be a weave characteristic at 135° at the front surface, but this is not 
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so easily identifiable at the back surface; which can, unsurprisingly, be seen to be more 
congested in terms of spots on the spatial frequency vs. angle plot.  
 
 
 
Figure 168: Sample RSW2 (a plain weave with 3.3mm fibre tow width) has been analysed. Sample RSW2 has a 
rough front surface (the analysis of which is shown bottom) and a smooth back surface (analysis shown top) and 
in this instance has been scanned upside down (i.e. the smooth surface on top). Both surfaces are correctly 
identified through the automated weave classification shown left, as a plain weave. The line plots at the top of the 
spatial frequency vs. angle plots are representative of the spots on the main plot. The peaks can be seen at the 
angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter 
the spot. 6.2.4.2.2 RSW4	–	2x2	Twill	
Unlike the analysis on RSW2, Figure 169 shows that for RSW4, the front and back 
surfaces have been identified as different weaves. The smooth front surface is correctly 
identified as a 2x2 twill, but the rough back surface is incorrectly identified as being a 
seven harness satin, offset one. Interesting, when the sample had the rough surface on 
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the top (as in ‘RSW4 – 2x2 Twill’), this was also correctly identified, whilst the smooth 
back surface was incorrectly identified.  
 
 
 
Figure 169: Sample RSW4 (a 2x2 twill weave with 2.23mm fibre tow width) has been analysed. Sample RSW4 has 
a rough front surface (the analysis of which is shown top) and a smooth back surface (analysis shown bottom) and 
in this instance has been scanned upside down (i.e. the smooth surface on top). The smooth front surface has been 
correctly identified as a 2x2 twill weave through the automated weave classification shown left. However, the 
rough back surface has been incorrectly identified as a seven-harness satin, offset one. The line plots at the top of 
the spatial frequency vs. angle plots are representative of the spots on the main plot. The peaks can be seen at the 
angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter 
the spot. 
 6.2.4.2.3 RSW6	–	Five	Harness	Satin,	Offset	Two	
Finally, RSW6 has been scanned and a result different from that of RSW2 and RSW4 can 
be seen. In this instance, neither the front or back surfaces are identified with the correct 
weave; with seven harness satin, offset six and seven harness satin, offset three being 
highlighted respectively. The front surface spatial frequency vs. angle plot does show 
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quite strong spots at approximately 75° and 115°; arguably these could be some 
characteristics. Any analysis of the back surface is a little more difficult, with it hard to 
distinguish any ‘obvious’ weave characteristics. 
 
 
Figure 170: Sample RSW6 (a five-harness satin, offset two weave with 3.6mm fibre tow width) has been analysed. 
Sample RSW6 has a rough front surface (the analysis of which is shown top) and a smooth back surface (analysis 
shown bottom) and in this instance has been scanned upside down (i.e. the smooth surface on top). Both surfaces 
have been incorrectly identified through the automated weave classification shown left. The line plots at the top 
of the spatial frequency vs. angle plots are representative of the spots on the main plot. The peaks can be seen at 
the angle of the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the 
brighter the spot. 
6.2.4.3 Summary	of	Effect	of	Surface	Roughness	
The surface roughness seems to have no clear effect that can be predicted as seen in 
Table 48. There is also no real correlation between the specific weaves. The only other 
way in which the samples differ is their thickness, however there is no clear trend here 
either. 
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Table 48: Samples RSW2, RSW4 and RSW6 have a rough front surface and they have all been scanned using an 
ultrasonic 5MHz probe. Analysis has been undertaken at the rough front surfaces and the smooth back surfaces of 
these samples. This table shows when the automated weave classifier built into LaunchNDT has correctly and 
incorrectly identified the correct weave for the samples. There is no clear effect that can be predicted. 
 Sample Front Surface Back Surface 
Rough Front Surface 
RSW2 ✘ ✘ 
RSW4 ✓ ✘ 
RSW6 ✓ ✓ 
Rough Back Surface 
RSW2 ✓ ✓ 
RSW4 ✓ ✘ 
RSW6 ✘ ✘ 
6.2.5 Summary	of	Weave	Classification		
Weave classification was successful in most cases where there was adequate SNR at that 
depth, even when the weave changed on a ply-by-ply basis, provided the ply spacing 
and tow width were used to optimise the data acquisition and analysis methods. 
Exceptions to this occurred when the SNR was low and when the weave type was only 
poorly distinguishable from another type. 2x2 twill seemed particularly vulnerable to 
this mis-classification. 
 
The analysis of the single weave samples with both a smooth front and back surface 
yielded correct identification of the weave at the front surfaces in all three instances 
(RSW1, RSW3 and RSW5). When these samples were then explored in terms of depth, 
the mid-sample was only correctly identified for the thinnest sample (RSW1). The thicker 
RSW3 and RSW5 resulted in an incorrect identification for the middle of the samples and 
this was thought to be due to low SNR. 
 
RSW2, RSW4 and RSW6 allowed for an investigation into the effect, if any, of a rough 
surface on the weave classification. It was deemed that there was no clear and 
predictable effect of a rough front or back surface.  
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Although some variable results were seen, a number of key things can be concluded 
with regards to the weave characterisation: 
1. The simulated data is an excellent tool for understanding the weave classification 
overlay and to predict what will be seen for each weave. However, the simulation 
does not take into account the more complex nature of real data; such as the 
inclusion of noise, the roughness of surfaces and the sometimes selective nature 
of the ultrasonic response to the woven plies. 
2. The ply spacing needs to be known in order to select data from the correct probe 
and the centre frequency should be close to the ply resonance. 
3. The knowledge of the fibre tow width is vital to ensure the focal beam-width is 
less than this and the weave classification uses the correct spatial frequency for 
the warp and weft tows. 
4. The shown method of weave classification works well, providing the imaging of 
the weave is good. 
5. The imaging of the weave gets worse with depth, surface roughness and when 
the probe frequency does not match the ply resonance. 
6.3 Distortion	Mapping	
Having further investigated the weave classification in ‘6.2 Weave Classification’, this 
section (‘6.3 Distortion Mapping’) specifically analyses the implemented distortion 
mapping capabilities from ‘Distorted weave characterisation’, using the developed 
individual weave identities. There are two samples which have an individual nominal 
defect; in-plane shear and in-plane waviness. The samples have the lay-up seen in Table 
35; it should be noted that due to this lay-up, the probe frequency needs to match the 
resonance frequency of the plies being analysed and there is an element of weave 
classification to this section (‘6.3 Distortion Mapping’), (as shown in the presented 
figures). However, the main focus will be on the analysis of the distortions.  
 
All samples have been analysed using data acquired at 5 MHz for weaves Ⓐ and Ⓒ, and 
7.5 MHz for weave Ⓑ.  
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6.3.1 In-Plane	Shear	(SB)	
The in-plane shear sample has been created by manipulating the warp tows, as pictured 
in Figure 171; inherently due to the interconnectivity of a woven fabric, the weft fibres 
subsequently displace. 
 
 
Figure 171: A 2D sketch of a single ply, which has been manipulated in the y-direction (i.e. the warp tows) to 
represent shear distortion within a weave. Due to the interconnectivity of a woven fabric, the weft fibres are also 
subsequently displaced. 
 
6.3.1.1 Analysis	of	SB	at	5MHz	
5 MHz is the correct probe frequency for weave types Ⓐ (with 1.6 mm tow width) and 
Ⓒ (with 3.4 mm tow width). The operator input tow width was therefore modified 
depending on whether weave Ⓐ or Ⓒ was being imaged. 
 
The analysis of SB, focusing on the top surface (ply 18, which has weave type Ⓒ with 
3.4mm tow width), clearly shows the resultant defect. The shear created by the 
manipulation of the fibre tows is seen in the c-scans of Figure 172. Initially the sample 
was analysed with the computational box at approximately 8.0 fibre tows (as concluded 
in ‘Distorted weave characterisation’). Looking at the defined (01) and (10) lines on the 
c-scan it can be said that some distortion has been detected in the warp tow direction 
(10). However, the green lines are not well in-line with the observed fibre tows at the 
maximum distortion, giving an angle of 101°, corresponding to an 11° shear distortion. 
For this reason, further analysis was undertaken with a computational box drawn just in 
the region of the distorted fibre tows. The bottom image of Figure 172 shows a shorter, 
and wider box which is drawn to focus on capturing the maximum distortion angle. It 
can be seen that the distorted warp tows (10) are correctly identified and mapped by 
the green lines with the maximum angle of the weft tows being 107°, corresponding to 
a 17° shear distortion. 
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Figure 172: Sample SB, which was manufactured with in-plane shear, has been analysed with a 5MHz ultrasonic 
probe. Two sets of results are shown here, the difference being in the size of the computational box size. Shown 
top is a box of 8.0 fibre tow widths and shown bottom is a box drawn to focus on the maximum distortion angle 
(note: this box can only be drawn as a result of the C-Scan image showing the in-plane shear). Looking at the defined 
(01) and (10) lines on the top C-Scan it can be said that some distortion has been detected in the warp tow direction 
(10). However, the green lines are not well in-line with the observed fibre tows at the maximum distortion, giving 
an angle of 101°, corresponding to an 11° shear distortion. It is for this reason that further analysis was undertaken 
with a computational box drawn just in the region of the distorted fibre tows (the bottom image). It can be seen 
that the distorted warp tows (10) are correctly identified and mapped by the green lines with the maximum angle 
of the weft tows being 107°, corresponding to a 17° shear distortion. The line plots at the top of the spatial 
frequency vs. angle plots are representative of the spots on the main plot. The peaks can be seen at the angle of 
the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the 
spot. 
 
A photograph of each ply was taken during the lay-up process so it is possible to compare 
some of the ultrasonic analysis with these photographs. The images in Figure 172 are 
from the same ply as shown photographically in Figure 173. However, the images seem 
to be reversed, whilst showing similar shear angles. 
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Figure 173: Photographs were taken during the build of Sample SB and this shows the 3rd ply down from the 
scanning side. The in-plane shear can be seen in the photograph. 
 
Once the box location and size had been established, other depths of weave Ⓒ were 
investigated and these are shown in Figure 174 together with a comparison of the c-
scan with the photograph from that ply, seen in Figure 175. At the double ply depth just 
below the mid-plane, the warp-to-weft angle (δ), is 104°, corresponding to a 14° shear 
distortion. Near the back surface, the single ply of weave Ⓒ is a ±45° ply and the warp-
to-weft angle (δ), is 92.5°, corresponding to a 2.5° shear distortion.  
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Figure 174: Sample SB, which was manufactured with in-plane shear, has been analysed with a 5MHz ultrasonic 
probe. Two sets of results are shown here, a 0/90° orientated ply (top) and a ±45° (bottom). Both have been 
analysed with a computational box which focuses on the area on in-plane shear. However, both have been 
incorrectly identified using the automated weave classification (shown left). The line plots at the top of the spatial 
frequency vs. angle plots are representative of the spots on the main plot. The peaks can be seen at the angle of 
the spots and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the 
spot. 
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Figure 175: A photograph of the distorted single ply which is shown bottom of Figure 174 and is orientated at ±45° 
within sample SB.  
 
Also, at 5MHz weave Ⓐ can be studied, but here the tow width is just 1.6mm and the 
results in Figure 176 show that the resolution of these tows is poor with this focal 
beamwidth. 
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Figure 176: In this instance Sample SB has been scanned with a 5MHz probe but these results focus on the five-
harness satin, offset two weave (with 6k fibre tows). Results were investigated from above the centre of the 
specimen (top) and the lower half of the specimen (bottom). Results could not be displayed from the back surface 
as they could not be resolved; the fibre tow width here is 1.6mm and the resolution of the tow is too poor with the 
focal beamwidth. The line plots at the top of the spatial frequency vs. angle plots are representative of the spots 
on the main plot. The peaks can be seen at the angle of the spots and the height of the peaks represent the 
brightness of the spot; the higher the peak, the brighter the spot. 
 
6.3.1.2 Analysis	of	SB	at	7.5MHz	
Figure 177 shows that when analysing the data acquired with the 7.5MHz frequency 
probe, in the same way as that noted above for the 5MHz, the results can be seen to be 
the same, i.e. the more defect-specific computational box results in better tracking of 
the warp tow defect. The shorter and wider box also shows the tracking of the wefts 
tows to be overestimated. 
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Figure 177: The spatial frequency vs. angle plot and corresponding C-Scan of Sample SB at 7.5MHz are shown left 
and middle; the corresponding photograph of the same ply taken during manufacture is shown right. Importantly 
the more defect-specific computational box results in better tracking of the warp tow defect. The shorter and wider 
box also shows the tracking of the wefts tows to be overestimated. The line plot at the top of the spatial frequency 
vs. angle plot is representative of the spots on the main plot. The peaks can be seen at the angle of the spots and 
the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
6.3.2 In-Plane	Waviness	(SC)	
Waviness has been replicated in a similar manner to that of the shear; via the 
manipulation of some of the warp tows. A schematic of the in-plane wave can be seen 
in Figure 178. 
 
 
Figure 178: A 2D sketch of a single ply, which has been manipulated in the y-direction (i.e. the warp tows) to 
represent in-plane waviness within a weave. Due to the interconnectivity of a woven fabric, the weft fibres are 
also subsequently displaced. 
 
6.3.2.1 Analysis	of	SC	at	5MHz	
The front surface analysis, once again, clearly shows the waviness defect which is 
present within this sample. As with the investigation into sample SB (‘In-Plane Shear 
(SB)’), two differing computational boxes were used. However, this sample is slightly 
more complex, with both the warp tows and the weft tows being distorted in this 
instance. This can be seen in Figure 179. 
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The weft lines on the C-scans do not seem to be affected by the differing size of the 
computational boxes but the box which is specific to the defect does result in the warp 
fibres being correctly tracked. 
 
 
Figure 179: Sample SC, which was manufactured with in-plane waviness, has been analysed with a 5MHz ultrasonic 
probe. Two sets of results are shown here, the difference being in the size of the computational box size. Shown 
top is a box of 8.0 fibre tow widths and shown bottom is a box drawn to focus on the maximum distortion angle 
(note: this box can only be drawn as a result of the C-Scan image showing the in-plane shear). The weft lines on the 
C-scans do not seem to be affected by the differing size of the computational boxes but the box which is specific to 
the defect does result in the warp fibres being correctly tracked. The line plots at the top of the spatial frequency 
vs. angle plots are representative of the spots on the main plot. The peaks can be seen at the angle of the spots 
and the height of the peaks represent the brightness of the spot; the higher the peak, the brighter the spot. 
6.3.3 Summary	of	Distortion	Mapping	
The distortion mapping can be said to be successful at this juncture, with the two 
manufactured defects being identified within the analysis. The front surface C-scans 
clearly show images of the in-plane shear and in-plane waviness defects. The in-plane 
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waviness sample was a little more complex with both the warp and weft tows having 
been manipulated during the manufacture (the in-plane shear sample only had 
manipulated warp tows). The testing is limited in terms of only the front surface being 
analysed for the in-plane waviness sample – no through depth analysis has been 
undertaken.  
 
The caveat to the best tracking of the in-plane shear and in-plane waviness is specifically 
tailoring the computational box to the size, shape and orientation of the defect. By 
tailoring the computational box, the warp fibres specifically can be correctly tracked 
(with the ‘wrong’ computational box size the defect in the warp fibres is not properly 
captured. For the in-plane waviness specifically it is unknown as to the true extent of 
the effect the computational box variation has; in both cases the automated weave 
classifier returns the same suggested weave. The correct tracking of the fibres may have 
greater implications for a more complex defect or indeed through the depth of the 
sample. 
 
For the analysis of the in-plane shear samples, the computational box size has a direct 
influence on the return of the shear angle; images were taken of the plies as the sample 
was manufactured so the shear angle was known. The square computational box 
underestimated the shear angle whilst the rectangular computational box (specifically 
drawn around the in-plane shear in the c-scan) gave an accurate shear angle, when 
compared to the ply image. This sample was analysed through depth, whilst keeping the 
computational box the same rectangle, and the results for the shear angle was seen to 
change through depth. Indicating that further work needs to be undertaken here. 
 
The drawing of the correct computational box depends on the imaging of the defect in 
order to be able to appropriately draw the computational box around the defect. 
6.4 Summary	of	Developed	Methods	in	Action	
This chapter has looked at the implementation of both weave classification and 
distortion mapping in conjunction with data from manufactured samples. The weave 
classification can be seen to have produced promising results, but limitations do exist 
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and they should also be highlighted. In the case of the automated weave classifier built 
into LaunchNDT the following can be said: 
1. The ply spacing needs to be known in order to select data from the correct probe 
and the centre frequency should be close to the ply resonance. 
2. The knowledge of the fibre tow width is vital to ensure the focal beam-width is 
less than this and the weave classification uses the correct spatial frequency for 
the warp and weft tows. 
3. The shown method of weave classification works well, providing the imaging of 
the weave is good. 
4. The imaging of the weave gets worse with depth, surface roughness and when 
the probe frequency does not match the ply resonance. 
 
The need for the ply spacing and the fibre tow width should not be underestimated and 
could be a possible limitation. This plays a particular part in the analysis of samples with 
multiple plies of differing materials. The ply spacing and fibre tow width need to be 
known for all of the different materials, enabling individual ply resonances to be 
calculated – inevitably this means that samples of multiple weaves require analysis using 
multiple ultrasonic probes with differing frequencies.  
 
It should be noted that the simulated data is an excellent tool for understanding the 
weave classification overlay and to predict what will be seen for each weave. However, 
the simulation does not take into account the more complex nature of real data; such 
as the inclusion of noise, the roughness of surfaces and the sometimes selective nature 
of the ultrasonic response to the woven plies. Whilst, the surface roughness was 
investigated, albeit to a limited extent, there was no clear conclusion which could be 
drawn (i.e. no trend was found meaning a prediction of expected outcome could not be 
concluded). Depth was also investigated and whilst the weave of the front and back 
faces of the samples were correctly identified, the ply at the centre of the sample was 
only correctly identified for the thinnest sample. It is believed that this is due to the 
signal to noise ratio rather than sample thickness; further work on the effects of noise 
and through depth analysis would be recommended here.  
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The distortion mapping, can be summarised as successful, although as with the weave 
classification does have limitations. The two manufactured defects were identified 
within the analysis; with the front surface C-scans clearly show images of the in-plane 
shear and in-plane waviness defects. The in-plane waviness sample was a little more 
complex with both the warp and weft tows having been manipulated during the 
manufacture (the in-plane shear sample only had manipulated warp tows). However, no 
analysis was undertaken through the depth of the sample with in-plane waviness and 
limited through depth analysis was undertaken for the in-plane shear sample ,so further 
analysis of distortion mapping through the depth of samples needs to be undertaken. 
However, this needs to follow further work on the correct weave classification through 
depth. 
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7. Conclusions	&	Discussion	
This chapter discusses the key aspects of the ideas, development and analysis presented 
through the entirety of this thesis.  
7.1 Motivation	
The motivation behind this topic has been two fold; to increase the knowledge of the 
interaction between ultrasonic non-destructive testing and woven composites and to 
increase the data set for investigated components to allow for a better informed 
decision regarding the component’s life. 
 
A vast amount of research exists for the investigation of components using a large 
number of non-destructive testing techniques; the higher proportion of this research 
focuses on uni-directional composites. Particularly within the mass production 
automotive industry, woven composites have mostly been used for decorative or 
aesthetic components until more recently when they are being used for structural 
components. However, within the elite motorsport industry, such as Formula One, 
woven composites have been used for primary structures for many years. By focusing 
work on this industry, the existing expertise in structural woven composites can be 
utilised. More specifically the knowledge of non-destructive testing in relation to 
structural woven composites. There is a huge benefit within the Formula One sector in 
being able to detect the weave type and track distortion. Their structural components 
arguably see stresses unlike any other industry and are specifically designed to 
withstand them; their main focus being on the safety of the drivers.  
 
Woven composites allow for the flexibility in design which is required for these very 
specific Formula One components. The lay-up of each component, therefore, is of vital 
importance. Being able to confirm this lay-up is of great interest to the industry. 
Likewise, any defect which is detected needs to be fully understood to realise the effect 
this could have on the component. Components are monitored closely, taking into 
account three key main stages; manufacturing, transport and races themselves. 
 
Current processes include the manufacture of ‘twin’ components, to allow for 
investigation; this can often include the dissection of components to create cut-
throughs. However, this is expensive (in terms of both materials and time). Secondary 
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to this, components are currently investigated with NDT techniques, but there is a 
limited amount of post-processing of the data. There is instead, a large reliance on the 
experience of the NDT engineers and the knowledge of defects which have been 
previously seen. This can also prove costly as a components are perhaps being scrapped 
prematurely. Put simply, the more data that can be gathered on a component, the 
better informed the decision regarding that component will be. 
 
There are two key areas of information that are useful to gain for each component; the 
lay-up (weave and angle) and the presence (and growth) of defects. By determining the 
weave and angle of each ply the as-designed lay-up can be confirmed; immediately 
removing the need for a twin component. By being able to capture and analyse data 
regarding any defects present a paper-trail can be produced which can visually track any 
defect and any growth throughout the component’s life. In the near future a ‘digital 
twin’ will exist; this will be a model of the current state of a component based on 
information gathered via NDT. 
7.2 Approach	
The work conducted for this thesis began with the literature review, which was 
undertaken to establish the existing and current work on automated mapping of 
composite weaves and distortions. Undertaking the literature review allowed for key 
decision to be made regarding the specific details of the project. The first element of the 
literature review was to research which was the best NDT method to use in order to try 
and achieve the aim and objectives set out in ‘Introduction’. 
 
Having chosen ultrasound as the NDT method, current capabilities for the accurate 
identification of the ply stacking sequence (in terms of both weave type and 
orientation/angle) was investigated. The literature review revealed that this capability 
does not currently exist for woven composites. At this juncture, it was proposed that by 
being able to recognise an individual weave by some form of unique identity, any 
distortion or shear to this identity could also be recognised. Again, it was identified 
within the literature review, that a single paper has proposed the idea of ‘ply 
fingerprinting’ but no further work had been conducted within this area.  
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Lastly, the literature review included a toolbox on the methods which have been used 
for the development of the solution present throughout this thesis. This included Miller 
Indices (more usually found in crystallography) and instantaneous parameters which 
have been widely used in post-processing of ultrasonic data. Although this has been 
more specifically used in the analysis of uni-directional composites.  
 
Following the literature review, work began on the development of unique weave 
identities. In order for this to happen a number of fundamental elements had to be 
implemented. It was realised that Miller Indices could be adapted from their use in 
crystallography and applied here to represent lattice lines through the analysed data. 
The lattice lines pass through lattice points; using this knowledge, an overlay was 
created to predict where spots will be located on the spatial frequency vs. angle plots. 
However, this required the development of the spatial frequency vs. angle plots; firstly, 
an image transform is computed, via radon transforms and fast Fourier transforms. 
 
When an image is transformed its lines, both global and local, are transformed into a set 
of lines; where each set of lines are represented by a single Miller index and a point on 
a 2D image of angle vs spacing. A radon transform is utilised to achieve the conversion 
of an image into amplitude that varies with angle and distance and in order to produce 
the spatial frequency distribution, a Fast Fourier Transform (FFT) is subsequently 
applied. 
 
Importantly, having studied the spatial frequency vs. angle plots there was a realisation 
that the weave characteristic lines are different to the lines seen from the warp and the 
weft. These weave characteristic lines, and their subsequent spots on the spatial 
frequency vs. angle plots,  allow for the discrimination of weave type. These weave 
characteristics are seen at fractional Miller Indices.  
 
Following a period of investigation into the weave characteristics, and as such, the 
unique identity per weave, the implementation of an automatic classification process 
was required within LaunchNDT. Having now established the unique identity it was 
possible to create a classifier which effectively runs through the known weaves and 
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suggests the closest match for the weave currently under investigation. This was an 
important development as it meant that the analysis was automated. 
 
Having the automated classifier implemented in LaunchNDT provided a good juncture 
to begin thoroughly testing composite samples. A variety of samples were tested which 
included some more ‘complex’ samples with a variety of different weaves at different 
orientations. The evaluation of the automated classifier for both weave classification (in 
terms of different weaves, depth and rough surface) and distortion mapping brought 
the work to an end. The overall conclusions from this work can be seen in ‘Summary of 
Developed Methods in Action’. 
 
It should be noted here that existing tools which were suitable to support the 
development of the solution presented, were investigated. LaunchNDT was chosen 
owing to its capability to allow for in-depth post-processing of data gathered from a 
variety of NDT methods; including ultrasound. This post-processing allows for better 
investigation, and subsequently knowledge, of the composite under investigation. It also 
has the proven capability of working with uni-directional composites to a high level, 
highlighting the fundamental analysis algorithms.  
 
For the development of this project, there is an inbuilt simulation feature which has 
allowed for the analysis of simulated woven composites; this has been invaluable in the 
identification of the individual weave characteristics. However, the most crucial reason 
behind the decision to use LaunchNDT is the ability to modify the software; this has 
allowed for the inclusion of new algorithms developed for the solutions presented in 
this thesis.  
7.3 Velocity	–	Probability	Model	
The velocity-probability model was created in order to investigate whether or not there 
was a worst case depth (based on velocity) in terms of the ability to analyse samples. It 
was thought that velocity correction may have to be undertaken in deeper samples in 
order to allow for analysis. However, the velocity-probability model showed that when 
considering time of flight, the standard deviation gradually increased with depth. 
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Ultimately the model showed that the initial prediction was wrong and that time of flight 
is they key parameter, not the velocity. 
 
The inception and development of the model allowed for investigation of composites 
up to 170 plies thick for both carbon fibre and glass fibre; showing that, whilst the 
velocity variation is unlikely to be a problem for 2D woven carbon-fibre composites at 
depths of several hundreds of plies, it could be a problem for glass-fibre composites at 
depths of 25 plies or less, depending on the cover factor. In the glass-fibre case it may 
be necessary to apply a velocity correction in order to flatten the plies.  
 
There were a few assumptions that the model was based on, including that it was based 
on a plain weave where the warp and the weft tows are the same width, and if further 
work was going to be conducted here the model could be updated to represent more 
complex weaves. 
 
Both the carbon fibre and glass fibre samples proved the outcome of the velocity-
probability model; showing that the standard deviation (in terms of Time of Flight) 
increases as the depth of the sample increases. However, the standard deviation is 
somewhat small. This is because the beam is averaging over a wider area than a tow 
width and/or the weave used in the samples (2x2 twill) did not exhibit resin-only regions 
which are exhibited in the velocity-probability model. 
7.4 Individual	Weave	Identity	
The idea of an individual weave identity is key to this thesis. The work conducted up 
until the testing of the samples was all focused on recognising the weave identities. This 
inherently meant a number of iterations in analysis of simulated data and subsequent 
updates to LaunchNDT. It was vital to get the weave identities correct in order to ensure 
that the classifier is calling upon a correct set of data.  
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The key to the individual weave identities are the aforementioned Miller Indices and the 
resultant three elements of a spatial frequency vs. angle plot, which are noted below. 
 
1. The repeat spacing of arbitrary-angled lines crossing single warp or weft tows, 
forming the lattice points. 
2. The effective lattice lines through the data that can be represented using the 
crystallographic Miller Indices with integer values. These lines pass through the 
lattice points. 
3. The weave characteristic lines that only exist because of the patterns caused by 
the weave. These are generally at larger spacings than the tow width resulting in 
fractional Miller indices. 
The whole premise behind establishing individual weave identities was twofold; to be 
able to identify the lay-up and also to be able to identify any defects which are present.  
It should also be noted here that significant work went into the understanding of the 
best size for the computational box (used to define the area of data which will be 
analysed). The ‘best’ size refers to both accuracy and precision of the resultant data.  
7.4.1 Measurement	of	in-plane	waviness	
LaunchNDT allowed for the simulation of in-plane waviness which in turn allowed for 
the computational box work to be expanded. The idea of using a rectangular box was 
investigated, offering more flexibility than a square box. They can be smaller in a 
required direction (higher accuracy) and larger in the other direction (higher precision). 
However, the caveat to this is that the orientation of the waviness needs to be known 
in order to decide what side needs to be longer. 
 
The measurement of waviness is of great importance to stress engineers. If this can be 
accurately captured  and compared to the allowable angular distortion set by stress 
engineers fewer parts will be scrapped; the uncertainty in angle would have to be added 
to the measured angle before comparing with the allowable angular distortion.  
 
The measurement of in-plane waviness largely revolved around the gamma and delta 
variable. The maximum waviness angle of the simulated data was established, resulting 
in a known target for any subsequent analysis. Ultimately the closer to this value, the 
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more likely the in-plane wave had been measured within the software. It was seen that 
as the computational box size decreased (in terms of fibre tow widths), the accuracy of 
the mapping of the wave increased; although noticeably the precision of the mapping 
decreased. 
7.5 Application	to	Real	Samples	
The experimental validation marks the final stage of this thesis and investigated weave 
classification and distortion mapping.  
7.5.1 Weave	Classification	
Weave classification was slightly more involved with singular weave samples and 
multiple weave samples being investigated; as well as the effects, if any, of depth and 
surface roughness. 
 
Firstly, when focusing on the front surface of the samples (with smooth front and back 
surfaces) the correct weave was identified for all three different weave types; plain, 2x2 
twill and five harness satin, offset two. When compared against the simulated data, all 
three showed good comparison. However, the five harness satin, offset two, which has 
four weave characteristics in the simulated data (20°, 65°, 110° and 155°), showed only 
three in the actual data. The comparison shows that the 20° and 155° are similar in 
experimental and simulated data. However, the M=4 weave-characteristic sub-
harmonic at ¼ of the (-2 1) lattice line (at 65°) is missing from RSW5 data and the 110° 
is significantly ‘weaker’ in the simulated data than the RSW5 data. Therefore, it may well 
be that when analysing real data, the 110° weave characteristic is more important. 
Despite these slight differences, both the simulated data and the front surface of RSW5 
identify a five harness satin, offset two weave. 
 
The importance of both sets of data (simulated and real) was again shown when looking 
at the analysis of RSW3 (the 2x2 twill sample). The C-scan data appeared to show the 
warp fibres at approximately at 100°. However, the analysis exports a result of 90° for 
(10) which corresponds with the visual image of the top surface of the physical sample 
itself; the warp tows are indeed orientated at 90°, therefore confirming the ability of 
LaunchNDT. It is thought that the 100° seen in the C-scan are down to an optical illusion.  
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The multiple weave samples were, by their nature, more complex. They inherently 
resulted in not only weave classification analysis but also a consideration of depth 
through the sample. Sample S5 (containing a five harness satin, offset two in carbon 
fibre and 2x2 twill in glass fibre), resulted in the correct identification of all three weaves 
present but with some confusion between plain and twill weaves which should be 
investigated in terms of the weave classification algorithm. Sample SA (containing plies 
of three different materials, with three different fibre tow widths and ply spacings) 
produced encouraging results, with successful identification of both five harness satin, 
offset two weaves in all except the back surface ply and with the 2x2 twill being correctly 
identified except for the single ply near the back surface. 
 
The effect of depth, in terms of the analysis, was seen in the middle of the samples 
specifically. The three samples tested (plain weave, 2x2 twill and five harness satin, 
offset two) saw the correct weave identified at  both the front and back surfaces. 
However, when the approximate middle of the sample (in terms of depth was analysed) 
only the thinnest sample (plain weave) was seen to result in a correct weave 
identification. This would also correlate to the analysis of the mixed weave samples 
which were thicker than the plain weave sample. 
 
Lastly, surface roughness was investigated; the samples used here were twin of the plain 
weave, 2x2 twill and five harness satin, offset two. Expect that one surface had a rough 
finish. This allowed for each sample to be scanned twice; once with the rough surface 
on top and once with the rough surface on the bottom. It was thought that a rough front, 
or back surface may have an effect on the analysis of the opposite surface. However, 
following the analysis of the six sets of data no tangible results were seen in terms of a 
predictable result which could be recreated or allowed for.  
7.5.2 Distortion	Mapping		
In total, two samples with known distortions were manufactured and analysed; in-plane 
shear and in-plane waviness. The samples were scanned at both 5MHz and 7.5MHz in 
order to account for the resonant frequencies of the different materials present.  
 
The distortion mapping can be said to be successful at this juncture, with the two 
manufactured defects being identified within the analysis. The front surface C-scans 
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clearly show images of the in-plane shear and in-plane waviness defects. The in-plane 
waviness sample was a little more complex with both the warp and weft tows having 
been manipulated during the manufacture (the in-plane shear sample only had 
manipulated warp tows).  
 
The caveat to the best tracking of the in-plane shear and in-plane waviness is specifically 
tailoring the computational box to the size, shape and orientation of the defect. This, 
however, depends on the imaging of the defect in order to be able to appropriately draw 
the computational box. Although a small selection of defects were analysed, the 
capability of LaunchNDT has been proven. Arguably most importantly, the analysis of 
these samples is now automatic within LaunchNDT, requiring just two inputs from the 
operator; the nominal tow width and the sizing of the computational box. 
7.6 Benefits	of	work	conducted	
The benefit of the work conducted within this thesis can be considered to be two-fold; 
there is now an increased understanding of the internal makeup of a composite when 
investigated with ultrasound and a significant environmental and cost saving can be 
realised.  
 
This increased understanding provides the tools to make a better-informed decision 
regarding the integrity of a composite component. Current post-processing does not 
exist specifically for woven composites, but defects can be found using ultrasonic NDT. 
There is, however, no real informative data regarding the defects which are detected. 
This ultimately leads to a threshold being used to determine whether or not the 
component is suitable to be used/continued to be used in-service. Although it is often 
the threshold which is unsuitable; being determined from experience rather than with 
evidential backing. Both experience and engineering judgement can be considered 
evidence based, however they are often not part of a rigorously validated process. 
 
By proving that each individual weave has its own identity, the weave for every ply can 
be identified, allowing for confirmation of the lay-up against the as-designed. Arguably 
the greater impact is the ability to identify distortion within the weave identity, 
manifested as a change in delta angle (shear distortion). The magnitude of the value of 
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this angle, indicates the severity of any distortion which is identified. This information 
can be added to the A-, B- and C-scan data to form a better picture of the defect. The 
more information established from the ultrasonic data, the more informed the decision 
can be regarding the integrity of the component under test. This can directly influence 
the manufacture and cost of components. 
 
Usually twin components are made, allowing for one to be destructively tested to 
confirm the integrity of the components. This volume is increased if a consistent 
manufacturing defect is identified. The cost of manufacturing twin components is not 
insignificant, especially when added to the cost of scrapping components early due to 
the use of a relatively uninformed threshold. A digital twin, modelled from data 
gathered using NDT methods would be of significant benefit to composite 
manufacturers. The environmental impact here can also not be ignored. Currently there 
is limited to no methods of recycling composites; every component which is tested or 
scrapped is not recycled.  
7.7 Summary	
Firstly, and arguably foremost, it has been proven that each of the different weave types 
analysed here, does indeed have a unique weave identity; which can be used for its 
identification during the analysis of acquired ultrasonic data. The definition of these 
weave identities are completely novel. An automated detection process has been 
implemented into LaunchNDT and has returned positive results. There are limitations, 
such as through depth analysis, but these have been identified throughout this analysis. 
Whilst this the analysis has largely focused on weave characterisation a small variety of 
defects (in-plane shear and in-plane waviness) have also been investigated and mapped. 
Results focused on the front ply of the samples but the defects could clearly be seen in 
the C-scan of the data. 
 
Remembering that the principal aim was “to generate an automated mapping 
programme that will identify and quantify deviations from design, due to either 
manufacturing processes or in-service defects” it can be said that this has been fulfilled. 
Both the weave of the samples tested and the defects (built into the samples) are 
automatically mapped using LaunchNDT.    
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The objectives listed in the introduction of this thesis are repeated here and will be 
reflected upon below: 
  
i). Establish current knowledge base on the interaction of NDT methods with 
woven composite materials.  
ii). Investigate current capability for the use of weave characterisation in 
identifying defects.  
iii). Define the parameters required to identify and subsequently classify 
individual weave types; creating a unique identity per weave.  
iv). Manufacture samples of different weave types in order to establish 
characteristic weave features that can be used to identify different weaves 
and stacking sequences. 
v). Use in-service components to validate the weave characterisation (or 
identification) method developed in objective (iv).  
The extensive literature review undertaken for this thesis can be shown to explore and 
investigate the current knowledge of NDT methods with regards to woven composite 
materials. This directly influenced the knowledge of any current capabilities for weave 
characterisation; with a gap in knowledge being identified. The main industry focus and 
development of weave characterisation is with uni-directional materials (more often 
than not carbon fibre) or with limited post-processing of data. Smith (2009) began to 
investigate the idea of unique weave identities, suggesting fundamental angles seen 
from simulated C-scan data and how stretch or shear could affect them. It was clear that 
a limited amount of initial work was undertaken on establishing the stacking sequence 
of woven composites but that a working system was not available; this paper can be said 
to be central to the work presented in this thesis. 
 
The work undertaken here for contribution to this thesis has resulted in the creation and 
development of an automated weave classifier to be used in conjunction with ultrasonic 
non-destructive testing data captured in an immersion scanning tank with a single pitch-
catch transducer. The weave classifier depends on weave characteristics which have 
been discovered by developing the use of Miller Indices; taken from crystallography and 
used in a completely novel way here. It should be noted here that the weave 
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characteristics are also completely novel and it was only possible to identify them 
through the use of the spatial frequency vs. angle plots; these plots were also developed 
specifically for this thesis. It has been proven by both simulated data and real data that 
the developed weave identities can be said to be unique. The simulator within 
LaunchNDT proved invaluable in the development of the automated weave classifier, 
but is no substitute for data gathered on real samples. The samples used were limited 
to flat samples, manufactured specifically to validate the proposed solutions 
documented.  
 
However, in-service components have not been used to validate defects; this is for two 
reasons. The weave classification was seen to incorrectly identify the weave on a 
number of occasions (for example, in the centre of samples and when surface roughness 
was varied). If the weave classifier returns an incorrect result, the defects cannot be 
mapped correctly. Some explanation has been offered for these issues, such as low 
signal to noise ratio and these should be investigated further.  
 
Two different defects (in-plane shear and in-plane waviness) were manufactured into 
specific samples to initially test the process rather than in-service defects. This was 
deemed to be suitable as the project developed; the capability of the classifier had to 
be established with known defects before unknown defects were tested. Both defects 
can be seen in the c-scan of the data but testing was limited.  
 
Ultimately the development of the work throughout this thesis (and the subsequent 
implementation of those outcomes into LaunchNDT) resulting in the weave 
classification, is a rule based system. This rule based system can be seen to be consistent 
and repeatable for simulated data. However, when investigating actual data, the 
consistency is lost, especially when looking through the depth of samples. It may be that 
the rules which work for the simulated data are wrong when considered in terms of 
actual data. Alternatively, it may be that actual data is too complicated to be analysed 
using a rule based method. For this reason, a number of recommendations can be seen 
to be made in the coming section (‘7.8 Future Work & Recommendations’). 
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7.8 Future	Work	&	Recommendations	
As highlighted, the identities of the individual weaves can be seen to be correct, 
however, their use in some cases require ongoing development. A continuation of the 
work presented in this thesis has been agreed between the University of Bristol and the 
elite sector of the automotive industry. LaunchNDT can be considered as a demonstrator 
software and as such any future work undertaken would benefit from the developed 
algorithms being in bedded into commercial software applications. This is currently 
planned as part of the continuation project.  
 
A number of assumptions have been made throughout this thesis, including the warp 
and the weft fibre two widths being the same and the knowledge of that fibre tow width 
being readily available. In order to continue the development of the processes 
implemented in LaunchNDT, these assumptions should be addressed and the more 
complex scenarios investigated. However, before this is undertaken, the effect of depth 
and surface roughness should continue to be investigated. For samples with smooth 
front and back surfaces, the analysis of those specific surfaces result in the correct 
identification of the weave. This proven analysis does not subsequently work at the 
middle of the sample (in terms of depth). 
 
Further defects should also be investigated, but again, after the weave classification has 
been proven to work in all scenarios. A very small example of defects have been 
manufactured and analysed; this particular area of analysis would benefit from a larger 
selection of defects seen within industry. Examples could include ply drops and 
delaminations.  
 
The outputs from this analysis could be taken further and linked to Finite Element 
Analysis. If the weave information, pristine or distorted, could be input into the 
corresponding model for the component a more realistic simulation could be run. This 
could potentially result in a better understanding of component behaviour and lead to 
less scrappage waste. 
 
Finally, it is recommended that any further analysis is conducted with machine learning, 
looking into the known weave characteristics and known defects which can be present 
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within composite components. Machine learning will allow for more detailed and 
complex analysis of composites, based on the ideas presented in this thesis. 
 
It should be noted at this juncture that a programme of work/research has already been 
agreed to continue the work of this thesis. The University of Bristol, DolphiTech  and 
Renault Sport Racing have signed up to continue working together. Renault Sport Racing 
have use of LaunchNDT and further updates have already been made by The University 
of Bristol. The implementation of weave characterisation and further work will have a 
great impact in the analysis of composite components at Renault Sport Racing. When 
the further work suggestions discussed in ‘7.8 Future Work & Recommendations’ have 
been addressed the post-processing capabilities of LaunchNDT will eventually enable 
the manufacture of twin parts to be unnecessary – saving significant amounts of time 
and costs. Composites components will be analysed for defects and as-designed 
manufacture, leading to a better understanding of how composites behave with the 
presence of defects. Longer term, the use of LaunchNDT does not need to be confined 
to use in the motorsport industry and can be expanded to other industries which use 
woven composites, such as the military and aerospace.  
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Appendix	One:	Tap	Testing	&	Visual	Methods	
Tap	Testing	
Tap testing is one of the most rudimental NDT methods available, with humble 
beginnings of a coin! The idea being that by tapping the component, the 
operator/engineer would be able to gauge the difference between a defect free and a 
damaged component just by listening to the sound that was produced. Modern variants 
have advanced to automated tapping hammers, but the principle remains the same. 
Karbhari (2013) addresses the post processing of an automated hammer. The signal 
received from the hammer is converted using a Fourier Transform, into a data set which 
can be read (using such parameters as peak amplitude). A large reading indicates a 
defect is present whilst defect free areas produce smaller readings; simply put “the more 
rigid or stiff the area, the smaller the reading”. The point is made that a few preliminary 
tests are required to be undertaken in order to have the baseline signal for a defect free 
area; this adds to the time taken to perform the NDT analysis. Testing on glass fibre 
samples indicate “fairly consistent and repeatable” results although here no statistical 
analysis is undertaken; rather an average of the readings is taken. Karbhari (2013) 
summarises that the method is easy to use but combats that with the time it would take 
to investigate components with large surface areas. 
 
Gryzagoridis (2014) highlights that newer devices used for tap testing are now available 
with an x/y plotter which subsequently produces a coloured tile map. This can help 
indicate the defect’s size, something not possible with the previous more manual coin 
test. During his investigation, Gryzagoridis (2014) uses digital shearography as a 
benchmark for comparison to the tap testing results. (“The technique is a laser based 
optical method that determines the gradients of surface displacements on a test piece. 
It is an interferometric technique that relies on combining two speckled images of the 
surface of the component under inspection; one before and the other one after the 
specimen has been perturbed mildly for example by applying heat, pressure or vacuum, 
or a mechanical force”). The following four samples were manufactured, only two of 
which were composites: 
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1. Fibre glass sandwich composite beam where the fibreglass skins were 1.5mm 
and the balsa core measure 9.0mm. Overall dimensions were 310mm x 40mm x 
12mm. A void of 30mm x 20mm was created near the middle of the beam and 
approximately 1.5mm from the surface. 
2. Bonded Perspex sheets of 210mm x 210mm x 5mm. Two Teflon sheets were 
inserted (25mm2 and 15mm2) between the bonded Perspex. 
3. A foam core of 9mm thick bonded between two 3mm thick fibre glass skins 
(450mm x 150mm x 15mm) with 20mm diameter flat bottomed holes at varying 
depths from the surface; 3mm, 5mm, 7mm and 12mm. 
4. Identical to (3) in terms of material, but four flat bottomed holes of varying 
diameter (10mm, 15mm, 20mm and 25mm) at the constant depth of 5mm from 
the surface. 
It is the tap testing results that will be discussed here and not those from the digital 
shearography. Results from the testing of sample (1) showed that when testing on the 
top surface the defect (1.5mm deep) was identified easily; however, when conducted 
from the bottom surface, the ability to find the defect (10.5mm deep) did suffer. It is 
said to ‘mildly’ suffer which gives no real understanding of the effect which is seen. The 
results from specimen (2) are not discussed here as they are on a non-composite 
specimen. 
 
The presence of a core does make tap testing more challenging as it can be said to act 
as a dampener to the vibrations. However, all of the four holes were detected at the 
varying depths in specimen (3). It was seen that it failed to identify the 10mm diameter 
hole in specimen (4) and struggled to identify the complete 15mm diameter hole. These 
results would seem to indicate that depth is less of a problem in this case but the size of 
the hole in terms of diameter seems to be. Further work is recommended to understand 
if this is an effect of the core material. 
 
Gros (1997) identifies that one of the main limitations is the difference in tap energy, 
but this has been addressed by the automated tapping capability. However, it could still 
be argued that there is a huge dependence on the capability and interpretation of the 
operator/engineer.  
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With one of the key threads of this thesis to remove or limit any subjective analysis of 
collected data, tap testing is not a suitable method to be used within this investigation.  
Visual	methods	
The simplest visual method it to just inspect the surface of the component, before 
applying any further NDT techniques, and it is one which is still undertaken in most, if 
not all, industries. Whilst other technology is developing all of the time, visual inspection 
is still the most used form of NDT inspection; it is the easiest and usually always the first 
method to be undertaken. Visual inspection is time consuming and operator dependent 
but there are a number of simple and inexpensive devices which can aid the process. A 
microscope, for instance, can be used to improve the quality of the inspection. However, 
spatial resolution, depth of focus and magnification are all limiting factors.  
 
For areas that are otherwise not accessible without disassembly, a boroscope is used 
(Gros, 1997). However, the use of a boroscope, depending on situation, may require 
some forethought. For example, Lakshmi (2013) notes that specially designed ports 
were utilised on a turbine blade casting in order to inspect the parts.  
 
An (2014) documents alternatives to ultrasonic testing, including laser thermography. 
Working on the same principles as the thermography described earlier, except that a 
laser is used as the excitation energy source. The use of a laser beams allows for 
transmission of heat energy over a long distance whilst still maintaining control of the 
intensity of energy and position of the laser beam. A laser lock-in thermography (LLT) 
system is proposed where by a virtual grid system is determined and the laser excites 
the component point by point creating a thermal image at each stage (a crack detection 
algorithm is then applied). It should be noted that the component under investigation 
here is steel so the results bare little in importance to this thesis; it is the NDT method 
itself that is of interest. The steel sample is initially sparse scanned in order to determine 
the location of the crack before a dense scan is applied (along with the algorithm) in the 
specific area of the crack. Sparse or dense is an indication of the spacing between the 
points at which the component is scanned; although no specific distances are given. The 
crack was 9.5mm long, sparse scanning measured the crack at 8.2mm whilst the dense 
scan and algorithm measured the crack at 9.4mm. Initially the thermal camera itself was 
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seen to be having an effect on the results, but latterly was removed as noise within the 
algorithm. It is concluded that there is merit in the LLT technology, with the system 
estimating the size of surface breaking cracks in the sample. The effect of surface 
irregularity, inspection time and components with extremely low emissivity are 
recommended as further work. An understanding of whether or not this system would 
work on composites would seem a next logical step. 
 
Whilst visual inspection is important within the NDT of composites, it is not a detailed 
enough process to make a truly informed decision and therefore will not be used for this 
investigation. It is NDT in its simplest form and does not give information on the internal 
structure of the component under inspection. 
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Appendix	Two:	Pattern	Classification	
There are three official definitions of ‘pattern’ as defined below, Collins Dictionary 
(2019): 
 
1. “A pattern is the repeated or regular way in which something happens or is done. 
2. A pattern is an arrangement of lines or shapes, especially a design in which the 
same shape is repeated at regular intervals over a surface. 
3. A pattern is a diagram or shape that you can use as a guide when you are making 
something such as a model or piece of clothing.” 
For the purposes of this investigation it is the second definition that will be taken.  
 
Celebi (no date) remarks that ‘pattern recognition is the science of making inferences 
from perceptual data, using tools from statistics, probability, computational geometry, 
machine learning, signal processing, and algorithm design’. He goes on to explain that 
any single pattern is effectively a pair of variables (x, w); where x represents the 
observations (or features) which have been collected (this can be designated as the 
feature vector) and w is the label of that observation. Figure 180 highlights the 
distinction between features, which are considered good, and bad. Secondly 
highlighting a range of feature properties. 
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Figure 180: (Celebi (no date)) explains that any single pattern is effectively a pair of variables (x, w); where x 
represents the observations (or features) which have been collected (this can be designated as the feature vector) 
and w is the label of that observation. The simple sketch shown here highlights the distinction between features, 
which are considered good, and bad (a) as well as feature properties (b). 
 
Celebi (no date) divides pattern recognition into three categories; statistical, structural 
and a hybrid of the two. The statistical category is formed around known concepts based 
on the data’s quantitative features. For example, standard deviation would fall under 
this category. However, it is noted that due to the nature of quantitative analysis, when 
analysing data based on shapes or structure the results are difficult to discriminate. It is 
the structural analysis that can be used in these instances. 
 
 
 
Figure 181: A representation of statistical and structural pattern recognition as defined by Celebi (no date). The 
statistical category is formed around known concepts based on the data’s quantitative features. For example, 
standard deviation would fall under this category. However, it is noted that due to the nature of quantitative 
analysis, when analysing data based on shapes or structure the results are difficult to discriminate. It is the 
structural analysis that can be used in these instances. 
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Figure 181 not only highlights the differences between statistical and structural pattern 
recognition but also shows the benefits of how they two could be used in conjunction 
(the hybrid method). The statistical approach can be seen as ‘regimented’; a list is 
produced giving facts but no indication of how these elements are related to each other. 
The structural approach produces an indication of the interrelationships between the 
elements.  
 
In more general terms the pattern recognition process can be broken down into the 
following steps: 
 
1. Sensing: this represents the input to the remainder of the process, often in the 
form of a camera. It is this step that encompasses data acquisition variables such 
as resolution. Often a trade-off is required. 
2. Segmentation and grouping: individual patterns (specific to the data under 
investigation) need to be separated within this step. Once separated they are 
grouped as per the required outcome. 
3. Feature extraction: features are established based on the data, and can include 
such things as shape and colour. 
4. Classification: this category is very closely linked to feature extraction. The 
features found need to be assigned to categories and that is the purpose of this 
stage. This also encompasses calculating the probability of each category 
occurring.  
5. Post processing: this is where the output of the previous step is actioned.  
At this point it is worth noting that this process can be designated as either automatic 
or manual. It is now important to understand how NDT and pattern classification are 
utilised together. 
 
The NDT industry is often seen as one which is subjective and inconsistent, due to the 
dependency of the operator to evaluate any image or data set. This manual element can 
also be seen to be time consuming. (Wang, 2002). It is therefore, understandable as to 
why an automated analysis system would be desirable. Wang (2002) uses three 
techniques, not dissimilar to the steps highlighted above; digital image processing, 
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feature extraction and pattern classification. In this instance the investigation centres 
on the use of radiographic testing (RT) in detecting welding defects; but it is the pattern 
classification that is of interest. Wang (2002) notes “Pattern classification methods are 
needed to analyze feature data and make a prediction of the defect type. Pattern 
classification algorithms might differ in efficiency and accuracy.” Figure 182 highlights 
the process developed for the automatic classification of welding defect types. 
 
 
 
Figure 182: A simple flow chart showing the procedure for the automatic classification of welding defect types as 
defined by Wang (2002). 
 
Matz (2005) details a system that allows classification of three different ultrasonic 
responses when analysing coarse grained materials. The details of the exact system are 
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beyond the scope of this review, but the process followed highlights that of pattern 
recognition. The ultrasonic signals are pre-processed by normalising the amplitude and 
filtered to improve the signal to noise ratio (the ratio of wanted signal inputs to those 
inputs from interference and unwanted noise). Feature extraction is used to explore 
properties of an ultrasonic signal. Signals were taken from locations, which had defects 
and those, which essentially measured the back-wall echo (i.e. were deemed to be 
defect free). In total, four mathematical features were derived and compared from the 
defect and defect free signals. Finally, the features were established in terms of their 
amplitude characteristics and subsequently three classes could be created. “All the 
three classes were separated and the performance of classification was 100 % (error 
rate 0 %).” 
 
Rose (1987) documents the potential use of a feature mapping system, firstly 
highlighting that in order to identify a particular defect type, further information has to 
be extracted from the gathered ultrasonic data. The feature mapping system works on 
the hypothesis that each different defect type will interact differently with the ultrasonic 
wave. “These variations must be detected, quantified into features and then used in the 
identification procedure. The features should contain information that correlates with 
shape, size, orientation and/or included material of the anomaly.” The process detailed 
here has four steps: 
 
1. “Physical models of the anomalies are developed to give data acquisition 
suggestions and expectations” 
2. “Proper data is collected and feature values are extracted” 
3. “The actual variation in feature values are compared using statistical principles 
such as probability theory” 
4. “A decision algorithm is developed using pattern recognition techniques like 
cluster analysis, discriminant functions, etc. 
However, in this instance an operator is employed to supervise the computer during the 
feature recognition and pattern recognition processes when comparing to the physical 
model. This is limiting in terms of still being resource heavy and potential open to 
interpretation by different operators.  
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It can be seen from the literature reviewed in this section (‘Appendix Two: Pattern 
Classification’) that for a number of decades now, pattern recognition systems have 
been used and developed in conjunction with NDT methods in order to identify defects. 
Patterns are used during the identification of weave characteristics and the subsequent 
automation of this process in ‘4 2D Weave Classification; Inversion Processes’ in this 
thesis. 	
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Appendix	Three:	Fast	Fourier	Transforms	
This appendix gives basic information on Fast Fourier Transforms (FFT) which have been 
utilised within the weave characterisation as documented in “2D Weave Classification; 
Inversion Processes”. They are not the focus of this PhD but they are critical for the 
implementation of the weave characterisation process within LaunchNDT.  
Signals	
Every periodic signal can be created from a series of sine waves at different frequencies; 
this is the Fourier Series. The Fourier Transform, described in the next section (‘Fourier 
Transform’), gives the amplitudes and phases of those Fourier components.  
Fourier	Transform	
Fourier transforms are utilised within a huge number of signal processing situations. 
They allow for the decomposition of complex signals from the time domain into their 
sinusoidal components (within the frequency domain). Sinusoidal components are 
simpler and as such are easier to deal with and analyse. The decomposition also allows 
for the ‘pieces’ of the known complex signal to be explored and understood. 
 
Equation 54 shows the Fourier Transform for a function within the frequency domain 
[X(w)], where −𝑗 = √−1 and 𝑒hV = cos 𝜃 + 𝑗 sin 𝜃.  
 
Equation 54: Fourier Transform (X(w)), allowing for decomposition of complex signals from the time domain into 
the frequency domain. Where frequency function (f(t)) and −𝒋 = √−𝟏 and 𝒆𝒋𝜽 = 𝐜𝐨𝐬𝜽 + 𝒋 𝐬𝐢𝐧𝜽.  
 𝑋(𝜔) = 	d 𝑓(𝑡)𝑒fhiH𝑑𝑡Ìefe  
 
There is also an inverse transform which allows for the functions in the frequency 
domain to be reconstructed to the time domain. This is not covered here. 
Discrete	Fourier	Transform	
The Fourier Transform identified above describes the general application for a 
continuous signal. A Discrete Fourier Transform (DFT) considers only a specified data 
set, usually the set of samples required to fully describe the frequency domain. By 
limiting the transformed signal size, the time taken to compute the results is significantly 
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reduced. It should be noted at this point that the DFT is specific to digital signals. For 
image transformation (as utilised in this thesis, the number of pixels in the resultant 
image corresponds to the number of frequencies). The DFT can be seen in Equation 55. 
 
Equation 55: Discrete Fourier Transform considers only a specified data set, usually the set of samples required to 
fully describe the frequency domain. By limiting the transformed signal size, the time taken to compute the results 
is significantly reduced. 𝑋(𝜔Ó) = ∑ 𝑥(𝑡)𝑒fhiÖHâPfàv ,  𝑘 = 0, 1, 2, . . . , 𝑁 − 1 
 
Where the following apply: 
 
• ∑ 𝑓(𝑛) = 𝑓(0) + 𝑓(1)+	. . . +𝑓(𝑁 − 1)Pfàv  
• 𝑥(𝑡) = 𝑖𝑛𝑝𝑢𝑡	𝑠𝑖𝑔𝑛𝑎𝑙	𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒	𝑎𝑡	𝑡𝑖𝑚𝑒	𝑡 
• 𝑡 = 𝑛𝑇 = 𝑛𝑡ℎ	𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔	𝑖𝑛𝑠𝑡𝑎𝑛𝑡, 𝑛	𝑎𝑛	𝑖𝑛𝑡𝑒𝑔𝑒𝑟	 ≥ 0 
• 𝑇	 = 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔	𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 
• 𝑋(𝜔Ó) = 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚	𝑜𝑓	𝑥	𝑎𝑡	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	𝜔Ó 
• 𝜔Ó = 𝑘Ω = 𝑘𝑡ℎ	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	𝑠𝑎𝑚𝑝𝑙𝑒 
• Ω = FGP = 𝑟𝑎𝑑𝑖𝑎𝑛 − 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔	𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 
• 𝑓ç =  = 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔	𝑟𝑎𝑡𝑒 
• 𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑡𝑖𝑚𝑒	𝑠𝑎𝑚𝑝𝑙𝑒𝑠 = 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦	𝑠𝑎𝑚𝑝𝑙𝑒𝑠 
 
By defining T=1 the DFT equation can be re-written and is now shown in Equation 56. 
 
Equation 56: Discrete Fourier Transform, when T=1 (a Discrete Fourier Transform considers only a specified data 
set, usually the set of samples required to fully describe the frequency domain. By limiting the transformed signal 
size, the time taken to compute the results is significantly reduced). 𝑋(𝑘) = 	∑ 𝑥(𝑛)𝑒fhèa ÓPfàv ,  𝑘 = 0, 1, 2, . . . , 𝑁 − 1 
 
Fast	Fourier	Transform	
A Fast Fourier Transform (FFT) is a computational algorithm which is used to compute 
the DFT more efficiently; it both reduces the computational time and the complexity of 
the resultant signal.  
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It can be said that any signal can be made from (N) complex points (having both a real 
and imaginary part), the application of an FFT allows for the signal to be broken down 
to (N) signals of one point each. This decomposition of the original signal requires logF 𝑁 
stages to get to the state of one-point signals. Or, if this is considered the other way the 
value of the transformed signal must be 2n. For example, a signal with 16 points will be 
transformed four times, as 16 = 24.  
Gaussian	Function	
A gaussian distribution (a specific function) can be used to signify the distribution of 
random variables and is used in many areas of statistical analysis. The Gaussian function 
is useful in Fourier analysis because of its useful property wherein its Fourier transform 
is also a Gaussian function. In statistical analysis of a normal-distribution data set, the 
mean (a) of the measured values and their standard distribution (s), create the Gaussian 
function described in Equation 57. 
 
Equation 57: Gaussian Distribution function (fg) in the form of a ‘Normal’ distribution. Where mean (a) and 
standard deviation (s) values. Note that the thesis often refers to a ‘Gaussian Half-width’ which is the point at 
which the Gaussian shading function has fallen to 1/e of the peak value, i.e. when (𝒙 − 𝒂)𝟐 = 𝟐𝝈𝟐. So, Gaussian 
half-width,	𝒙 − 𝒂 = √𝟐𝝈. 
 𝑓ë(𝑥) = 1√2𝜋𝜎F 𝑒f(­f©)Fì  
 
Figure 183 shows four examples of Gaussian Distributions, where they differ because of 
their mean (a) and standard deviation (s) values. Note that the thesis often refers to a 
‘Gaussian Half-width’ which is the point at which the Gaussian shading function has 
fallen to 1/e of the peak value, i.e. when (𝑥 − 𝑎)F = 2𝜎F. So, Gaussian half-width,	𝑥 −𝑎 = √2𝜎. 
 
The popularity of a Gaussian distribution in conjunction with an FFT is due to the fact 
that the FFT of a Gaussian distribution is a Gaussian distribution. 
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Figure 183: A graph highlighting four examples of Gaussian Distributions. The two key variables of mean (a) and 
standard deviation (s) have been varied as shown in the series; effecting the peak placement, amplitude and 
bandwidth of the peak.  
 
Relationship	between	time	and	frequency	domain	
When an FFT is applied to a Gaussian distribution, the result is also Gaussian distribution. 
This is highlighted in Figure 184; the top of the image shows a Gaussian distribution 
within the time domain and the subsequent Gaussian distribution in the frequency 
domain (after the FFT) at the bottom of the image. 
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Figure 184: A simple sketch of the time domain Gaussian distribution (top) and the resultant frequency domain 
Gaussian distribution (bottom) having undergone an FFT process. 
 
It can be seen in Figure 184 that the Gaussian distribution in the time domain is wide, 
whilst that in the frequency domain is thinner. This is owing to the relationship between 
time and frequency, which is displayed within Figure 185. 
 
!
"
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Figure 185: A simple sketch to highlight the relationship between increments in the time domain (tinc) and in the 
frequency domain (finc). 
 
Zero-padding	
Owing to the requirement of the FFT to use 2n points in its computation, the original 
signal may sometimes need to be zero-padded. If, for example, the signal is made of 73 
points, this does not correspond to an integer value of (n); rather n=6.19. Therefore, this 
signal can be zero-padded until there a 27 points (i.e. 128).  
 
Zero-padding effectively means that the signal is extended in length until the relevant 
number of points are present; the extended points all have values of x=0. However, it is 
important that the zero padding does not introduce discontinuities that will cause 
spurious results in the FFT.  So, before the signal is zero-padded the mean is subtracted 
to allow the signal to tend towards zero smoothly. The resultant signal can be seen with 
the dashed line in Figure 186. 
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Figure 186: A simple sketch of a zero-padded signal, where the solid line represents the original signal and the 
dashed line the resultant signal once zero-padding has been applied. 
 
A key reason for zero-padding is to decrease the frequency increment finc number which 
will increase the precision of the signal. For example, if the signal is zero-padded by a 
factor of four, this increases (T) by four, which inherently has an effect on finc (as pictured 
in Figure 185). Increasing (T) by four will result in finc being four times smaller; meaning 
more data points within the signal. The main reason for increasing the number of finc is 
to prevent aliasing, which is explained in the coming section (‘Aliasing’). 
Aliasing	
Aliasing means that there is more than one possible solution in terms of frequency 
components for the data collected. Figure 187 shows three points marked on the plot; 
if these were the only three known points, the shape of the underlying signal would be 
unknown except at those three times. As can be seen, there are numerous possible 
shapes of a graph drawn here which all include these three points.  
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Figure 187: A graph highlighting the sine waves which are produced as a result of varying the amplitude and the 
frequency (as per the series shown below the graph). There are three points shown; if these were the only three 
known points, the shape of the underlying signal would be unknown except at those three times.  
Windowing	
Continuous signals that are only captured for a finite time period could still be non-zero 
at their start and end. The Fourier analysis effectively assumes that the signal then 
repeats an infinite number of times. Hence, if the start and end of the signal that is 
analysed (including any zero padding) is discontinuous, either in value or gradient, then 
incorrect amplitudes will be generated at some frequencies. The solution, although only 
an approximate one, is to taper the start and end of the waveform prior to sending it for 
Fourier analysis and this tapering is called ‘windowing’. 
 
Figure 188 shows a windowed continuous sine wave; the left of the image shows the 
overall affect, whilst the right of the image shows the three individual elements. (1) the 
original continuous sine wave, (2) the applied window and (3) the resultant finite signal. 
Varying Sine Waves by Amplitude and Frequency
A = 1mm, f = 200Hz A = 1mm, f = 100Hz A = 2mm, f = 200Hz !
"
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Figure 188: A simple sketch to show the effect of windowing a continuous wave. The solid line shows the 
continuous wave, the dashed line represents the window and the dotted line is the subsequent finite wave. 
Summary	
The purpose behind this appendix was to detail the processes which are introduced 
within Chapter Four. This is not an extensive review as this is not the focus of this thesis. 
 
 
